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Abstract 
The  naturally  occurring  monoterpene  1,3,3 trimethyl 2 oxabicyclo[2.2.2]octane  1, 
commonly  named  1,8 cineole  and  the  major  component  in  the  leaf  oil  of  many 
eucalypts, exhibits bioactivity, being potentially antimicrobial and pesticidal.  A range 
of derivatives of 1,8 cineole and its naturally occurring isomeric analogue 1,4 cineole 2, 
1 isopropyl 4 methyl 7 oxabicyclo[2.2.1]heptane,  were  synthesised.    High cineole 
eucalyptus oil, 1,8 cineole and the 1,8  and 1,4 cineole derivatives were shown to have 
a dose dependent pre emergence and post emergence herbicidal activity against radish 
(Raphanus  sativus  var.  Long  Scarlet),  and  annual  ryegrass  (Lolium  rigidum)  in 
laboratory bioassays.  A postulated increase in activity of the ester derivatives due to 
metabolic cleavage into their bioactive hydroxy cineole and carboxylic acid portions 
after uptake by the plant was not observed. 
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The role of mallee eucalypts in the rehabilitation of degraded farmland in the Western 
Australian wheat belt, uses of eucalyptus oil and the bioactivity of essential oils and 
naturally occurring terpenes, with particular emphasis on eucalyptus oil and 1,8 cineole, 
were  reviewed.    The  review  encompasses  allelopathic  and  herbicidal  activity, 
insecticidal, acaricidal and antimicrobial activity. 
   2 
1,8 Cineole compounds functionalised at position 3 of the cyclohexane ring and the 1,4 
cineole derivatives were chemically synthesised whilst 2 endo hydroxy 1,8 cineole was 
obtained as the primary metabolite of a novel bacterium grown on 1,8 cineole as sole 
carbon  source.    The  bacteria  were  isolated  by  inoculating  liquid  growth  medium 
containing  1,8 cineole  as  carbon  source  with  aliquots  of  deionised  water  in  which 
eucalyptus leaves had been stirred.  Sequencing of its 16S rRNA gene identified the 
bacteria as belonging to the order Sphingomonadales, family Sphingomonadaceae and 
genus Sphingomonas.  Growth curves for the bacterium are described and a metabolic 
pathway  for  the  microbial  degradation  of  1,8 cineole  is  confirmed.    Bacteria  were 
cultured  on  a  20  L  scale  to  provide  sufficient  2 endo hydroxy 1,8 cineole  for  the 
herbicidal bioassays. 
   3 
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1  Introduction 
 
The  work  undertaken  in  this  thesis  is part  of  a broader project  aimed  at  redressing 
widespread land degradation resulting from clearing of deep rooted native vegetation in 
the wheat belt region in the south west of Western Australia, sometimes referred to as 
the Western Oil Mallee Project.  The Project involves farmers planting native eucalypts 
on degraded farmland, and harvesting the above ground biomass for purposes including 
electricity generation, eucalyptus oil and activated charcoal.  New sustainable farming 
techniques  for  continued  food  production  and  new  industries  based  on  trees  and 
perennial crops are needed for the long term viability of communities in this region. 
 
Eucalyptus leaf oil has a large range of components, some of which have the potential 
for high volume and/or high value applications.  The main component of the oil, 1,8 
cineole, has a range of bioactivities including herbicidal activity.  This research explores 
the potentially high volume use of 1,8 cineole and selected derivatives as herbicides 
which may provide farmers with another income stream to support their communities. 
 
There  is  a  need  to  develop  new  ecologically  and  socially  acceptable  pesticides  to 
overcome negative  environmental and human health impacts of synthetic pesticides.  
Further contributing to the need for novel pesticides is the occurrence of resistance to 
current pesticides in pest organisms.  Another driver will be the diminishing supply of 
oil, the feedstock for the manufacture of many synthetic pesticides.  Phytochemicals, in 
particular essential oils, may prove a rich source of non petrochemical based pesticides. 
 
The volatility of 1,8 cineole makes its direct use as a herbicide impractical, so one aim 
of  this  work  was  to  prepare  derivatives  of  1,8 cineole  with  reduced  volatility  but   5 
equivalent or increased phytotoxicity.  The hypotheses investigated in this thesis were 
that ester derivatives of 1,8 cineole and 1,4 cineole would have higher phytotoxicity 
than their corresponding hydroxylated cineoles and carboxylic acids, and phytotoxicity 
will increase as the non polar carboxylic acid portion of the esters increased in size and 
hence lipophilcity.  
 
As well, an investigation of any potential differences in bioactivity between 1,8 cineole 
derivatives functionalised at carbon atom 2 and carbon atom 3 could provide insight in 
to structure activity relationships in the cineoles.  Functionalisation at carbon atom 3 
can be achieved with relative ease by chemical means (Chapter 3) but not at carbon 
atom  2  hence  a  biological  approach  to  derivatisation  at  this  position  was  adopted 
(Chapter 4).    
 
1,4 Cineole, an isomer of 1,8 cineole, also possesses herbicidal activity, with its benzyl 
ether derivative, cinmethylin, used as a commercial herbicide.  Thus, another aim of this 
work was to prepare a series of ester derivatives of 1,4 cineole analogous to the 1,8 
cineole  series  to  compare  the  herbicidal  activity  of  the  two  cineole  types.    Ester 
derivatives were chosen as it is considered likely they would have short soil half lives – 
the ester bond being one that readily breaks down in the natural environment.   
 
The  work  carried  out  in  this  thesis  spans  the  disciplines  of  chemistry  and  biology.  
Chapter 2 provides a review of the nature of eucalyptus oil and its major component, 
1,8 cineole, its contribution to land rehabilitation and its uses.  It further reviews the 
biological  activity  of  1,8 cineole,  eucalyptus  oil  and  essential  oils  ranging  from 
allelopathy,  pesticidal  (including  herbicidal)  and  antimicrobial  activity.    Chapter  3 
describes the chemical synthesis of the ester derivatives at carbon atom 3 of 1,8 cineole   6 
as  well  as  the  synthesis  of  1,4 cineole  ester  derivatives.    Chapter  4  describes  the 
isolation of a novel bacteria and its use to prepare a hydroxylated 1,8 cineole derivative 
at carbon  atom 2, and  Chapter 5 describes assessment of herbicidal activity of 1,8 
cineole, eucalyptus oil and these derivatives (Figure 1.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1:  ‘Road map’ outlining the work undertaken in the thesis. 
Preparation and bioactivity of 1,8 cineole derivatives 
Review of biological activity of the cineoles and essential oils 
(Chapter 2) 
Chemical synthesis  
(Chapter 3) 
Isolate bacteria and microbial 
synthesis (Chapter 4) 
Synthesis 
Biological activity (Chapter 5) 
 
Pre emergence  
bioassays 
Post emergence  
bioassays 
Glasshouse  
growth 
Conclusion (Chapter 6)   7 
2  Literature Review 
2.1  Eucalyptus Leaf Oil 
 
Eucalyptus leaf oils contain complex mixtures of volatile organic compounds that may 
include hydrocarbons, alcohols, aldehydes, ketones, carboxylic acids, ethers and esters.  
The  major  constituents  are  terpenoids  with  the  monoterpenoids  (molecules  with  10 
carbon atoms) comprising the primary group in the oil.  These monoterpenoids can be 
classified as acyclic (open chain), monocyclic (one ring) and bicyclic (two rings) with 
the principal component in eucalyptus oil being the oxygenated tricyclic monoterpene 
1,3,3 trimethyl 2 oxa bicyclo[2.2.2]octane,  commonly  named  1,8 cineole  1.    The 
oxygenation takes the form of a cyclic ether ring as part of its structure.  The oil content 
of the leaves can range from a trace to approximately 5% (by mass, fresh leaf weight)
1.  
The 1,8 cineole content of the oil varies from species to species and between individuals 
within species, ranging from none to 80 to 90% (by mass)
2 of total oil content.  As well 
as genetic factors, oil content can be affected by a variety of conditions including age of 
tree, leaf maturity, climatic conditions and time of harvesting.   
 
1,8 Cineole, and the isomeric 1,4 cineole, are achiral molecules but functionalisation at 
carbon atoms other than C1, C4, C7 and C8 leads to chirality.  Functionalisation at any 
of the methylene carbon atoms of the cyclohexane ring will lead to chirality at C1, C4 
and  the  functionalised  methylene  carbon  whilst  functionalisation  at  C9  or  C10  will 
make C8 chiral.  Note that compounds in this thesis are named as cineole derivatives, 
and p menthane numbering of structures is employed throughout.     8 
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2.2  The Contribution of Eucalypts to Land Rehabilitation 
 
 
The agricultural practices in the south west of Western Australia have resulted in dry 
land salinity, a significant threat to farming activities and much of the remaining natural 
environment.  In 2000, approximately 1.9 million hectares of a total cleared area of 19.2 
million  hectares  was  affected  by  dry  land  salinity  and,  if  current  land  use  patterns 
continue, it is projected that about 2.3 million hectares will be affected by 2020
3, 4.  (Salt 
affected land has been defined as land having a concentration of salts in the root zone 
such that potential yields of salt sensitive crops and pastures is reduced by more than 
50% 
4.) 
 
The  primary  cause  of  this  problem  has  been  the  replacement  of  the  deep rooted, 
perennial native vegetation with shallow rooted annual crops.  Salt carried to the region 
in sea spray over thousands of years has resulted in an average salt storage of about one 
thousand tonnes per hectare of farmland
4.  The salt was kept deep in the soil because the 
deep rooted trees used most of the rainfall, maintaining a relatively low water table.  
With replacement by annual crops and pastures, the unused rainfall has resulted in a rise 
in the water table to the level of the root zone (or higher) of these shallow rooted plants.  
The rising water has brought with it some of the stored salt.     9 
To halt the spread of salt affected land, a multifaceted approach will be required.  The 
return of deep rooted perennials is one measure that can contribute to the control of 
salinity  problems.    The  State  Salinity  Council  of  Western  Australia  in  The  Salinity 
Strategy (March 2000)
5 has suggested that 3 million hectares is the minimum area for 
revegetation  needed  to  have  an  impact  on  the  salinity  problem.    As  a  part  of  this 
revegetation,  the  Oil  Mallee  Project,  initiated  by  the  Department  of  Conservation 
(Government of Western Australia) in 1994, proposed planting five hundred million 
mallees over an area of one million hectares.  Eucalyptus oil mallees have the potential 
to provide a deep rooted perennial to control water table levels (and hence salinity) and 
harvest of their oil and other biomass components can provide farmers with an income. 
 
2.3  Uses of Eucalyptus Oil 
 
 
Traditionally, eucalyptus oil has been used for pharmaceutical formulations, cosmetics 
and household cleaning purposes.  To date the most important of these uses have been 
pharmaceutical  preparations  which  require  that  the  oil  be  at  least  70%  1,8 cineole.  
Products based on eucalyptus oil have been used as a traditional non ingestive treatment 
for coughs and colds
6, a topically applied medication for the relief of muscular pain
7, a 
cutaneous anti infective in paediatric medicine
8 and as a solvent/sealer in root canal 
dentistry
9. 
 
Other uses include a fragrance in soaps, detergents and perfumes and flavouring agent
10.  
Domestic applications include spot and stain remover and wool wash component.  It has 
also had use as a flotation agent in the mining industry
11.   
   10 
Work  at  Murdoch  University  and  elsewhere  has  demonstrated  the  potential  for 
eucalyptus oil as a component of ethanol hydrocarbon fuels 
12 and as a cosolvent for 
ethanol/petroleum blends
2, 13.  A problem associated with the use of these fuel blends is 
the phase separation that can occur when small amounts of water are present in the 
mixture.    The  incorporation  of  eucalyptus  oil,  or  its  major  component  1,8 cineole, 
reduces the extent of this problem allowing a higher water content in ethanol/petroleum 
blends before phase separation
14.  Further work at Murdoch University established the 
potential for 1,8 cineole and blends of 1,8 cineole with other plant derived liquids to act 
as degreasing solvents
15. 
 
Further, there is an increasing body of evidence to show that eucalyptus oil and 1,8 
cineole have some biological activity.  This bioactivity has been observed in herbicidal, 
pesticidal and antimicrobial testing.   Aspects of these potential uses of eucalyptus oil 
and 1,8 cineole are reviewed in section 2.4. 
 
2.4  Biological Activity of Eucalyptus Oil and 1,8-Cineole 
 
Over  the  past  three  decades  there  has  been  increasing  interest  in  investigating  the 
biological activity of plant derived secondary metabolites.  This interest has come about 
for a range of reasons including public concerns over the use of synthetic chemicals for 
the control of weeds and invertebrate pests, and the development of resistance of pests 
and microorganisms to these synthetic chemicals
16. 
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2.4.1  Allelopathy 
 
When first coined, the term ‘allelopathy’ referred to biochemical interactions (beneficial 
or  inhibitory)  between  all  plant  types  including  microorganisms
17.    Rice
18  later 
redefined it as any direct or indirect stimulatory or harmful effect that one plant, by the 
release of chemicals into the environment, has on another.  In this thesis the term will be 
used to mean any biochemical interaction between plants of an inhibitory nature, or 
chemical competition whereby a plant may release a compound or compounds from its 
roots into the soil or from its leaves on to the soil surface, reducing the germination rate 
and survival of neighbouring plants.  The released chemicals usually inhibit growth of 
other species but may impact on individuals of the same species in some instances. 
 
A  number  of  factors  are  fuelling  the  search  for  more  environmentally  acceptable 
pesticides.  Historically, most pesticides have been found by the screening of laboratory 
synthesised compounds for pesticidal properties.  Discovery of a commercially viable 
pesticide  requires  screening  of  increasingly  large  numbers  of  compounds,  so  novel 
methods  for  identifying  potential  pesticides  need  to  be    developed
19.    Increasing 
concerns  about the potential for harm to the natural environment and human health 
caused by many synthetic pesticides is encouraging the growth of research into more 
ecologically sustainable agricultural and forestry systems that have reduced reliance on 
such synthetic pesticides.  Weeds are usually the most significant of the pests with 
which farmers deal and for example in the U.S.A. in 1998, approximately 70% of total 
agrochemical sales were herbicides
20.  An increased reliance on chemical control of 
weeds has also occurred due to a shift to reduced or zero tillage agriculture which has 
been adopted as a result of concerns over the loss of top soil.  As well, the growing 
occurrence of herbicide resistance is resulting in the need for new herbicides with novel   12 
modes of action.  As a part of this search for sustainable agricultural methods, there is 
now considerable interest in finding pesticides based on natural plant compounds. 
Natural  phytotoxins  are  being  increasingly  reported,  often  secondary  metabolites  in 
stems,  leaves,  flowers,  fruits,  seeds  and  roots  released  by  volatilisation,  leaching, 
exudation from roots, and decay of plant material
21. 
 
A wide range of classes of volatile monoterpenes inhibit plant growth
22 24.  Muller et 
al.
25  demonstrated  in  field  studies  that  volatile  monterpenes  released  by  Salvia 
leucophylla gave greatest inhibition during seedling development and establishment.  A 
major component in the essential oils of Salvia species is 1,8 cineole which has been 
shown by Halligan
26 to be one of the most potent allelochemicals released by Artemisia 
species and also by Kumar and Motto
27 in Eucalyptus species.  In an evaluation of 
eighteen  volatile  monoterpenes  Vaughn  and  Spencer
24  found  that  the  oxygenated 
monoterpenes,  including  1,8 cineole,  showed  a  higher  herbicidal  activity  than  the 
hydrocarbon  monoterpenes.    However,  Angelini  et  al.
28  found  no  significant 
germination inhibition by 1,8 cineole of a number of crop and weed species and some 
field  tests  indicated  that  1,8 cineole  has  low  herbicidal  activity
26,  29.    The  oil  of 
Eucalyptus  citriodora  inhibits  germination  in  Parthenium  hysterophorus,    Triticum 
aestevum, Zea mays, Raphanus sativus, Cassia occidentalis, Amaranthus viridis and 
Echniochloa crus-galli and causes reduced chlorophyll content in treated seedlings
30, 31.  
Two major components in E. citriodora, citronellol and citronellal, were found to have 
higher phytotoxicity against C. occidentalis than 1,8 cineole
32. 
 
1,4 Cineole  (1 isopropyl 4 methyl 7 oxa bicyclo[2.2.1]heptane)  2,  a  less  abundant 
naturally occurring structural isomer of 1,8 cineole, also inhibits seed germination and 
plant  growth
24,  33,  34.    Vaughn  and  Spencer
24  showed  that  1,4 cineole  completely   13 
inhibited the germination of wheat, large crabgrass, redroot pigweed and ryegrass whilst 
1,8 cineole completely inhibited the germination of corn, wheat, alfalfa, large crabgrass, 
redroot  pigweed  and  annual  ryegrass.      Romagni  et  al.
33  when  comparing  the 
allelopathic  effects  of  both  cineoles  on  two  weedy  plant  species  observed  that  1,4 
cineole severely inhibited the growth of roots and shoots whilst 1,8 cineole decreased 
root growth and germination rates.  Mitotic index data from this work also indicated that 
1,8 cineole severely reduced all stages of mitosis whereas 1,4 cineole decreased only 
the prophase stage.   
 
Romagni et al.
34,  35 also examined the effects of 1,4 cineole, cinmethylin 3 and 1,8 
cineole on lettuce seedlings.  Cinmethylin, the o methylbenzyl ether of racemic 2 exo 
hydroxy 1,4 cineole 5, has been used as a pre emergence herbicide.  The concentration 
at which there was 50% inhibition in root growth was an order of magnitude lower for 
the natural monoterpene 2 than for its derivative cinmethylin.  Romagni and co workers 
also found that the lowest concentration needed to give maximum phytotoxic effect was 
an order of magnitude higher for the cinmethylin compared to the 1,4 cineole.  The 1,8 
cineole was about 100 times less active that the cinmethylin.  They also tried to assess 
the  mechanism  of  action  of  the  cineoles,  their  work  indicating  initially  that  the 
asparagine synthetase enzyme was inhibited by cinmethylin, 1,4 cineole and the two 2 
hydroxy  1,4 cineoles  4  and  5,  but  attempts  to  reproduce  the  results  to  identify  the 
mechanism of action have been unsuccessful
34,  35.  (The inhibition in growth by the 
compounds  is  reproducible  (personal  communication  –  F  Dayan).)    Their  original 
results suggested that on uptake by a plant the cinmethylin was metabolically cleaved to 
give  a  hydroxylated  cineole  and  a  benzyl  ether  portion.    The  herbicidal  activity  of 
cinmethylin is postulated to be due primarily to the hydroxylated cineole portion with 
the benzyl portion having little role in any bioactivity.  The 1,4 cineole is converted into   14 
the benzyl ether derivative 3 to increase the molecular weight and hence reduce its 
volatility; if 1,4 cineole were to be applied in the field it would tend to evaporate before 
being taken in by the target plants.   
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Whilst allelopathic and herbicidal activity of 1,8 cineole against some plant species has 
been  established  there  is  clearly  a  range  of  activities  and  there  are  no  reports  of 
derivitisation of 1,8 cineole for the purposes of reducing its volatility and subsequent 
testing of the herbicidal activity of derivatives.  Low herbicidal activity found in some 
field tests may be due to the high volatility of 1,8 cineole and thus reduced uptake by 
plants.    1,8 Cineole  and  other  phytochemicals  offer  the  potential  to  produce  new 
herbicides with novel modes of action, and whilst modification of their structures may 
be needed to improve efficacy, their environmental impact is likely to be less than that 
of synthetic herbicides.   
   15 
2.4.2  Insecticidal and Acaricidal Acitivity 
 
 
As  in  the  case  of  herbicides,  there  is  increasing  pressure  for  development  of  more 
environmentally  safe  chemicals  for  the  control  of  invertebrate  pests  resulting  from 
concerns over the toxicity of synthetic insecticides and acaricides to humans and other 
organisms, and increasing insect resistance to existing insecticides.   
 
Eucalypts with a high 1,8 cineole leaf content have been reported to be less susceptible 
to  herbivory  by  Christmas  beetles
36.    Scriven  and  Meloan
37  have  reported  that  1,8 
cineole is a natural repellent to the American cockroach but more recent work by Ngoh 
et al.
38 indicated its ability to both repel and kill the American cockroach was low.  In 
research on a series of plant terpenes reported by Coats et al.
39 1,8 cineole was found to 
be reasonably repellent against the German cockroach. 
 
There are many reports examining the potential for essential oils, many containing 1,8 
cineole and other terpenes, to protect stored grains from insect pests.  Insect damage to 
stored  grains  is  of  major  economic  importance  to  farmers  throughout  the  world, 
particularly in Africa where subsistence grain production is prevalent
40.  The erratic 
supply and high cost of synthetic pesticides due to foreign currency exchange rates 
makes their use problematic for subsistence farmers, so traditional pest control agents 
are worthy of investigation
41.   
 
It is common practice for small scale farmers to protect stored grain by mixing plant 
products with the grain
41.   1,8 Cineole, a constituent of the essential oil of a number of 
plants traditionally used for protection of stored grain, has been shown to be active as a 
fumigant  against  the  stored  grain  pests  Rhyzopertha  dominica  and  Tribolium   16 
castaneum
42.  1,8 Cineole, a major constituent of the essential oil of Ocimum kenyense  
found in uplands of Kenya and northern Tanzania, was found to be highly toxic to 
Prostephanus truncates, Sitophilus granarius, S. zeamais and Tribolium castaneum with 
100% mortality at 0.5  L 1,8 cineole per kilogram of grain after 24 hours
41.  Glass 
beads impregnated with 1,8 cineole were equally toxic, indicating ingestion of treated 
grain was not the sole cause of toxicity.  1,8 Cineole completely inhibited development 
of eggs, larvae and pupae of S. granarius and S. zeamais.  Oviposition and subsequent 
progeny production were inhibited in these species, as well.  At higher doses 1,8 cineole 
evoked  a  strong  repellent  response  from  S.  granarius  and  S.  zeamais  but  only  a 
moderate  response  from  T.  castaneum  and  P.  truncatus.    When  1,8 cineole  was 
included at a concentration of 0.5% by mass in the diet of the first instar larvae of T. 
castaneum, 100% mortality was observed after 8 days 
43.  1,8 Cineole was the most 
active component of the oil from Ocimum kenyense and O.  kilimandscharicum against 
Sitophilus zeamais but had no activity against Rhyzopertha dominica
44.  Active blends 
were  produced  from  inactive  constituents,  active  compounds  were  enhanced  by  an 
inactive one, and there was synergism between moderately active compounds.  Activity 
against S. zeamais was reduced when 1,8 cineole was not included as a component in 
the blends
44.  Blend effects in the bioactivity of plant products may be the norm and that 
there is growing evidence that a diversity of chemicals in essential oils may provide an 
adaptive advantage in interactions among plants and their associated herbivores and 
pathogens
45, 46.   
 
Exposure of Acanthoscelides obtectus, a beetle species whose larvae live in and feed on 
stored legumes, to vapours of eucalyptus oil had a repellent action and strongly reduced 
fecundity,  decreased  egg  hatchability  and  increased  neonate  mortality  of  larvae
47.  
Regnault Roger et al.
48 showed insecticidal activity against Acanthoscelides obtectus   17 
for a number of essential oils, some of which contain 1,8 cineole.  Essential oil vapours 
of anise, cumin, oregano, rosemary and eucalyptus were toxic to the eggs of the stored 
product  insects  Tribolium  confusum  and  Ephestia  kuehniella,  with  anise  the  most 
effective and eucalyptus oil the least effective 
49.   
 
The useful lifetime of synthetic insecticides may be extended by their use in conjunction 
with 1,8 cineole, other terpenes or the essential oils from which they come due to the 
capacity of these natural products to repel insect pests.  Development of resistance to 
synthetic chemicals could be delayed if the natural products are used in such a way as to 
repel the insects, preventing them from entering stored grains or legumes without killing 
the  more  susceptible  members  of  the  population.    The  prevalence  of  the  genes 
responsible  for  tolerance  to  the  synthetic  chemicals  will  then  remain  low  in  the 
population of the targeted species. 
 
There is considerable interest in the potential for plant essential oils, particularly those 
containing 1,8 cineole, as repellents for mosquitoes or as mosquito larvicides.  This is 
of  particular  concern  in  regions  where  mosquitoes  act  as  vectors  for  diseases  like 
malaria.  Control of such diseases is of obvious importance but achieving this by the use 
of synthetic pesticides, such as dichlorodiphenyltrichoroethane (DDT) carries with it 
human health concerns.  When investigating a range of Ocimum species containing 1,8 
cineole, Chokechaijaroenporn et al.
50 found both repellency and larvicidal activity.  The 
oils  from  vegetative  and  flower  samples  of  Nepeta  parnassica,  with,  respectively, 
21.1% and 34.6% 1,8 cineole, showed “promising results on insect repellency/toxicity” 
against  the  mosquito  Culex  pipiens  form  molestus  and  ants  (Pogonomyrmex  sp.)
51.  
Lampman  et  al.
52  showed  mosquito  larvicidal  activity  for  1,8 cineole,  citral  and 
limonene but considered them to be poor candidates for surface larvicides due to their   18 
high  volatility.    Earlier  work  showed  that  both  eucalyptus  oil  and  1,8 cineole  in 
laboratory bioassays on fourth instar Culex pipiens form molestus larvae were larvicidal 
alone, but their efficacy was enhanced when mixed with 1% surfactant (Arosurf MSF) 
and  1%  detergent
53.    1,8 Cineole  did  not  exhibit  any  significant  larvicidal  activity 
towards Aedes aegpti (yellow fever mosquito) but was moderately effective as a feeding 
repellent and highly effective as an ovipositional repellent against adult A. aegpti
54.  A 
good repelling effect against Aedes aegpti, A. communis and A. cinereus, both in the 
laboratory and in the field, was observed for eucalyptus oil by Thorsell et al.
55.  Work 
by Araújo et al.
56 showed that the essential oil of Hyptis martiusii and 1,8 cineole had 
pronounced insecticidal effect against Aedes aegpti larvae and Bemisia argentifolii, the 
vectors of dengue fever and white fly fruit plague, respectively.  A number of patents 
involving terpenes and in particular eucalyptus oil for insect repellents have been taken 
out.  An example is a topical formulation which uses 5 20% eucalyptus oil both for its 
insect repellency and its ability to act as a skin penetration enhancer
57.  
 
Calderone and Spivak  found that treating the western honey bee for the parasitic mite 
Varroa jacobsonii
58 with a terpene based solution containing 1,8 cineole gave a mite 
mortality of 96.7% against a 4.4% mortality in the untreated control colonies.  1,8 
Cineole was active against the mite Tyrophagus putrescentiae
59, 60 but eucalyptus oil 
and 1,8 cineole were the least active of a number of essential oils and their terpenoid 
constituents against T. longior
61.  1,8 Cineole also gave a 100% lethal effect at the 
tested concentration on larvae of a cattle tick
62.   
 
Human head lice, Pediculus humanus capitis, has been controlled by eucalyptus oil and 
1,8 cineole  which  were  more  effective  against  female  lice  in  a  filter  paper  contact 
bioassay than two commonly used lice treatments, δ phenothrin and pyrethrum with   19 
1,8 cineole showing over two fold higher toxicity 
63.  Tests with other monoterpenoid 
constituents  of  Eucalyptus  globulus  leaf  oil  suggested  a  synergistic  effect,  with 
individual compounds showing less activity than the oil.  The LT50 (time taken for 50% 
of the lice to die at the tested concentration) for the oil was 8.83 minutes and for 1,8 
cineole, which comprised 90% of the oil, 16.0 minutes.  Little or no ovicidal activity by 
1,8 cineole was observed at the concentrations tested.  In assessing fumigant activity of 
1,8 cineole  and  the  other  terpenoids  a  significantly  higher  activity  was  observed  in 
closed than open cup tests, suggesting that the mode of action is vapour delivery via the 
respiratory  system.    Pyrethrum  and  δ phenothrin  showed  no  fumigant  activity.  
Srivastava  and  others
64,  65  have  shown  that  exposure  of  differently aged  nymphs  of 
Dysdercus koenigii, a pest of cotton, to eucalyptus oil vapours for a brief period during 
rearing  adversely  affected  their  mortality  in  the  course  of  their  development.    For 
surviving  nymphs,  a  significant  shortening  of postembryonic  development  time  was 
observed,  and  for  both  male  and  female  nymphs  reaching  adulthood  there  was 
appreciable loss in fresh weight compared to controls.  For nymphs, of either or both 
sexes, exposed at 15 days old surviving to adulthood, egg yield and hatchability was 
also significantly reduced (P<0.01). 
 
Although  the  mechanism  for  their  insecticidal  activity  has  not  been  definitively 
established,  1,8 cineole  and  other  terpenes  have  been  shown  to  inhibit  the  enzyme 
acetylcholinesterase
66,  67.  Their ability to enter an invertebrate’s body in the vapour 
phase via their respiratory system may also be an important part of their activity.  1,8 
Cineole  vapours  have  been  observed  to  interfere  with  mating  in  the  leafhopper, 
Amrasca devastans
68.  There was a reduction in mating pairs and fertilized females.  
The  vapours  were  not  toxic  but  inhibited  mating  by  interfering  with  sonic 
communication  between  the  sexes.    1,8 Cineole  has  also  been  used  as  part  of  an   20 
attractant formulation for the Mexican fruit fly, Anastrepha ludens, in citrus orchards
69.  
1,8 Cineole was identified as a component in the odour of fermented chapote fruit, a 
natural host for this fruit fly. 
 
Clearly, 1,8 cineole and other terpenes are active against some insects and arachnids 
with activity ranging from repellence to insecticidal.  The extent of control of insects 
afforded by 1,8 cineole and other terpenes may depend upon the target species and its 
evolutionary relationship with terpene containing plants.  1,8 Cineole may be less lethal 
to insect species co evolving with plants containing 1,8 cineole due to a higher rate of 
reproduction amongst tolerant individuals leading to more tolerant populations.  It may 
also be that insects co evolving with plants containing 1,8 cineole are better able to 
detect its presence and so avoid such plants.  Again natural selection would lead to 
higher rates of reproduction for individuals in a population that avoid cineole containing 
plants enabling this trait to be passed to subsequent generations.   
 
2.4.3  Antimicrobial Activity 
 
There  is  extensive  research  showing  the  antimicrobial  potential  of  eucalyptus  oils, 
terpenes  and,  specifically,  1,8 cineole.    Osawa  et  al.
70  found  ethanol  extracts  of 
Eucalyptus  globulus  to  be  active  against  cariogenic  and  periodontopathic  bacteria.  
Gundidza  et  al.
71  observed  considerable  inhibitory  activity  of  the  essential  oil  of 
Heteropyxis natalensis against twenty five bacterial and four fungal species, including 
animal and plant pathogens, food poisoning bacteria and mycotoxigenic fungal strains.  
Gas  chromatographic  and  gas  chromatographic mass  spectral  (GC MS)  analysis 
showed 1,8 cineole to be the major constituent of the essential oil.  The essential oil of 
Achillea ageratum, with 1,8 cineole a major component, is active against the Gram–  21 
positive bacteria Bacillus spp.  and  Staphylococcus  aureus,  commonly  referred  to  as 
golden staph, with lesser activity against Escherichia coli a Gram negative bacterium
72.  
Eucalyptus oil was active against twenty two bacteria, including Gram positive cocci 
and rods and Gram negative rods, and eleven fungi
73.  Mimica Dukic et al.
74 observed 
antibacterial  activity  against  both  Gram positive  and  Gram negative  bacteria,  and 
fungistatic and fungicidal activity for the essential oils of three Mentha species that 
contain 1,8 cineole as a component.  The essential oils and some of their components, 
including 1,8 cineole, reduced free radical activity.  Mazzanti et al.
75 found the essential 
oil from Hyssopus officinalis var decumbens was more active towards Gram positive 
than  Gram negative  bacteria.    Diffusion  disc  tests  suggested  linalol  was  primarily 
responsible  for  the  activity  with  1,8 cineole  less  active.    The  essential  oil  of 
Chrysanthemum boreale, with 1,8 cineole as one of its major constituents, inhibited six 
Gram positive  and  eight  Gram negative  bacteria  but  at  a  level  lower  than  that  of 
ampicillin
76.    Inouye et al.
77 studied the antibacterial activity of essential oils and their 
main components against respiratory tract pathogens by gaseous contact.  Eucalyptus oil 
and  1,8 cineole,  although  active,  were  among  those  with  the  highest  minimum 
inhibitory dose. 
 
Sherry et al.
78 reported the successful clinical use of the antimicrobial Polytoxinol, trade 
name for a range of antimicrobial preparations containing formulations of tea tree oil 
and eucalyptus oil in solution, ointment and cream, to treat a persistent methicillin 
resistant Staphylococcus aureus (MRSA) bone infection.  The patient developed chronic 
osteomyelitis  of  the  lower  tibia,  as  a  result  of  an  open  fracture,  needing  long term 
antibiotic treatment with flucloxacillin and dicloxacillin.  Over a two year period, oral 
and  intravenous  administration  of  the  antibiotics  was  used  without  success.    In  an 
attempt  to  avoid  amputation,  a  tea  tree eucalyptus oil  formulation  was  administered   22 
percutaneously over approximately forty eight hours.  Three months after this treatment 
the wound was healed and wound cultures were clear of the MRSA
78. 
 
Sokmen and co workers
79, 80 found 1,8 cineole to possess appreciable activity against 
the fungi Candida albicans and Clostridium perfringens.  Tantaoui Elaraki and Errifi
81 
observed  a  synergistic  effect  between  sodium  chloride  and  eucalyptus  oil  on  the 
inhibition  of  mycelium  growth  in  Zygorhynchus  species.    Oregano,  mugwort  and 
eucalyptus oils had a dose dependent inhibition of spore germination for three fungal 
species but removal of Penicillium italicum spores from eucalyptus oil vapours reversed 
the  inhibition
82.    The  eucalyptus  oil  delayed  mycelial  elongation  and  reduced 
sporulation for each fungus species in cultures containing 1% oil.   
 
Six benzylic ether derivatives of 3 exo hydroxy 1,8 cineole, prepared by Silvestre et 
al.
83, were active against the fungus Cladosporium cucumerinum, whilst only four of the 
derivatives  were  active  against  Candida  albicans.    Staphylococcus  aureus  was 
completely inhibited by four of the derivatives but growth of Pseudomonas aeruginosa 
was not effected by any of the compounds.  Mycobacterium smegmatis development 
was  inhibited  by  all  the  compounds  but  only  bacteriostatic  activity  was  observed.  
Fourteen alkyl esters of 2 endo hydroxy 1,8 cineole were active against Staphylococcus 
aureus, Escherichia coli and Pseudomonas fluorescens
84.  In broth dilution tests, the 
majority of these 1,8 cineole ester derivatives had minimum inhibitory concentrations 
and minimum bactericidal concentrations that were similar or lower than the standard 
antibiotic butyl p hydroxybenzoate. 
 
1,8 Cineole has, at least, mild antimicrobial activity which may be due to its ability to 
disrupt cell membranes and so may best be used in mixtures with other antimicrobial   23 
components to give a synergistic effect.  Its mechanism of action, as for other terpenes, 
may be novel so broadening the suite of compounds available to combat microbes that 
have developed a resistance to older antimicrobial compounds.  
 
Phytochemicals,  including  1,8 cineole,  offer  a  source  of  new  compounds  with 
biological activity towards plants, invertebrate pests and microbial organisms.  These 
compounds may provide leads to further compounds that can give effective weed or 
pest control with reduced negative impacts on the natural environment.  1,4 Cineole and 
1,8 cineole are herbicidal but both require modification to their structures to reduce 
volatility  and,  clearly,  it  would  be  advantageous  if  the  modification  also  improved 
phytotoxicity.   24 
3  Synthesis of Cineole Derivatives 
 
3.1  General Introduction 
 
As discussed in Chapter 2, the pre emergence herbicide cinmethylin 3 may potentially 
undergo bioactivation on uptake by a plant to produce two molecules – a hydroxylated 
1,4 cineole portion and a benzyl ether portion.  The herbicidal activity observed for the 
cinmethylin is postulated to be due to the hydroxylated 1,4 cineole portion
34.  The role 
of the benzyl ether moiety in cinmethylin is to reduce the volatility of the 1,4 cineole 2 
making it suitable for practical use in the field.  Without a reduction in its volatility, the 
1,4 cineole would be likely to evaporate at a rate such that uptake by plants would be 
inadequate and therefore result in an unacceptably low mortality rate of targeted plants. 
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The  volatility  of  1,8 cineole  1  makes  it  similarly  unsuitable  for  use  under  field 
conditions.  Thus one of the aims of this work was to prepare 1,8 cineole derivatives 
with lower volatility but equivalent or better phytotoxicity than 1,8 cineole.  Secondly, 
suitable derivatives would be expected to show improved phytotoxicity if, on uptake by 
a plant, the molecule underwent metabolic cleavage to produce two bioactive molecules 
rather than the one active molecule as is the case for cinmethylin.  This could lead to   25 
pesticide formulations with lower concentrations of active ingredients.  Ester derivatives 
of 1,8 cineole might undergo hydrolysis in plant cells, to give a hydroxylated cineole 
molecule  and  the  corresponding  carboxylic  acid.    The  carboxylic  acid  may  have 
phytotoxicity due to a generalised pH effect.  Weak organic acids with a pH between 5 
and 8 can disturb photosynthetic processes by disrupting the hydrogen ion concentration 
gradient across the two sides of the thylakoid membrane
85. 
 
An ether linkage between two cineole molecules might also give a molecule that on 
metabolic  cleavage  in  a  plant  could  produce  two  potentially  bioactive  hydroxylated 
cineoles.  Figure 3.1 illustrates molecules of this nature. 
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Figure 3.1:  Possible ether linked 1,8 cineole and 1,4 cineole molecules  
   26 
3.1.1  The Chemistry of 1,8-Cineole 
 
1,8 Cineole has low chemical reactivity with functionalisation of its cyclohexane ring 
difficult due to its lack of activated carbon hydrogen bonds.  In addition, both carbon 
atoms  α  to  the  ether  oxygen  are  fully  substituted,  preventing  oxidation  at  these 
positions, while the tertiary hydrogen is at a bridgehead position, making oxidation at 
this position difficult.    In contrast, cleavage of the ether bridge to give p menthane 
derivatives (Figure 3.2) is more achievable.  Fujita
86 found that treatment of 1,8 cineole 
with ethanolic sulfuric acid, produced a range of p menthane derivatives and in 1958, 
Matsuura et al.
87 described the opening of the ether bridge of 1 with acetic and sulfuric 
acids  to  produce  α terpineol,  terpin  hydrate  (p menthane 1,8 diol  monohydrate)  and 
trans terpin (trans p menthane 1,8 diol) (Figure 3.2).  The low reactivity of 1,8 cineole 
is indicated by the (weight percentage) yields in these reactions of up to 4.6% with most 
of  the  cineole  being  recovered  unchanged.    Pyrolysis  over  a  variety  of  supports 
including nickel, copper and porcelain has also been used to open the ether linkage of 
1
88 91, as has hydrogenolysis over supported platinum and palladium catalysts
92. 
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Figure 3.2:  p Menthane derivatives from reactions of 1,8 cineole 
 
Halogenation 
The  cyclohexane  skeleton  can  be  functionalised  by  free  radical  photochlorination, 
producing all seven possible monochlorides
93, five with the chlorine atom attached to 
one of the carbon atoms of the cyclohexane ring and two with the chlorine bonded to 
one of the methyl groups (Figure 3.3), as well as di  and tri chlorocineoles
94 96.  Carman 
and Fletcher
93 recovered 42% unchanged cineole after irradiating the reaction mixture 
for 14 hours at –50 ± 10°C, where a mole ratio of 1:4 of 1,8 cineole to chlorine was 
used,  again  indicating  the  low  reactivity  of  1,8 cineole.    In  repeating  the  work  of 
Baeyer
97, Carman and Deeth
98 described the treatment of 1,8 cineole separately with 
hydrogen  chloride  and  hydrogen  bromide  to  give  1,8 dichloro p menthane  and  1,8   28 
dibromo p menthane  derivatives,  respectivley.    Carman  and  Deeth  stated  that  1,8 
cineole  ‘reacts  readily  with  hydrogen  chloride’  but  neither  Baeyer  nor  Carman  and 
Deeth reported yields for these reactions. 
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Figure 3.3:  The 1,8 cineole monochlorides. 
 
Oxidation 
Oxidation with chromyl acetate
99 functionalises 1, regiospecifically at carbon atom 3, to 
give ketone 6 in 60% yield, together with lesser amounts of the acetate 8a, diketone 9, 
and 2% of the ketone 1,3,3 trimethyl 2 oxabicyclo[2.2.2]octan 6 one 10 as well as other 
minor products.  
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Usually, oxidation with chromyl acetate is more rapid at tertiary C H bonds than at 
methylene  groups,  with  methyl  groups  being  unreactive.    Whilst  Carman  et  al.
100 
postulate the mechanism shown in the scheme in Figure 3.4 for this oxidation, they have 
noted that the nature of the complex involved in the hydrogen atom transfer is not clear.  
They  cite  as  evidence  for  their  proposed  mechanism,  the  complete  stability  of  4 
hydroxy 1,8 cineole  11,  which  lacks  the  tertiary  hydrogen  atom,  when  treated  with 
chromyl  acetate  but  their  mechanism  does  not  account  for  the  formation  of  small 
quantities of ketone 10.   
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Figure 3.4:  Suggested mechanism for the chromyl acetate oxidation of 1,8 cineole
100.   30 
Others
101 103 have proposed that in chromic acid oxidations, the reacting carbon changes 
from a tetrahedral to a trigonal planar configuration with only small changes in electron 
distribution.  It has been observed that in molecules with a strained tertiary bridgehead 
carbon atom, oxidation is more likely to occur at a methylene group, probably due to the 
inability  of  the bridgehead  carbon  atoms  to  achieve  the  required  trigonal  geometry, 
whilst the necessary geometry is possible at methylene groups
102.  The formation of 10 
is likely to be due to direct attack by the chromium(VI) species on carbon atom 2.  
Whatever the mechanism for this oxidation, the reacting carbon will have some cationic 
nature,  so  the  rate  of  reaction  will  be  influenced  by  its  proximity  to  any  electron 
withdrawing  atoms  or  functional  groups.    The  oxidation  of  1,8 cineole  may  occur 
preferentially at carbon atom 3 because it is further removed from the electronegative 
oxygen atom of the ether bridge which would reduce the stability of any carbon atom 
with  cationic  nature,  and  not  because  of  a  tertiary  hydrogen  α  to  carbon  atom  3.  
Approach of the chromium species to carbon atom 2 may also be restricted due to the 
carbon atom 7 methyl group, so further reducing reactivity at carbon atom 2.  The lack 
of reactivity observed
100 for alcohol 11 could be due to the destabilising effect of the 
electron withdrawing hydroxyl group at position 4 rather than the absence of the tertiary 
hydrogen atom preventing the suggested hydride shift shown in Figure 3.4.  A clearer 
picture of the mechanism may be obtained by reacting a deuterated 1,8 cineole such as 
12 or 13 under chromyl acetate oxidising conditions.  If a hydride shift occurs in the 
oxidation of 1,8 cineole, reaction of 12 would indicate this in the 
1H nmr of the ketone.  
Similarly, if 13 were oxidized the 
1H nmr of the ketone would indicate the mechanism 
by the presence, or not, of the signal for the hydrogen bonded to the tertiary bridgehead  
carbon atom. 
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Oxygen functionalities can also be added at carbon atoms 2 and 3 of the cyclohexane 
ring by reaction of 1 with m chloroperbenzoic acid to give 2 endo hydroxy 1,8 cineole 
14,  3 endo hydroxy 1,8 cineole  15  and  2 exo hydroxy 1,8 cineole  16.    The  reaction 
yields 25% of the hydroxyl compounds at position 2 and 11% at position 3.  A proposed 
mechanism of action for the insertion of an oxygen atom into a carbon hydrogen bond 
by peracids suggests a role for a dioxirane intermediate
104 as illustrated in Figure 3.5.  
Approach of the peracid/dioxirane species to the exo face of position 3 of 1,8 cineole is 
likely to be hindered by one of the methyl groups on carbon atom 8 explaining the 
higher yield of oxidation products at position 2, as well as only the endo product being 
obtained at position 3 (Figure 3.6).  The formation of the hydrogen bond to the oxygen 
of the peracid requires some polarisation of the carbon to hydrogen bond.  The greater 
reactivity at position 2 may also be attributable to the higher degree of polarisation of 
the  C H  bond  at  carbon  atom  2  due  to  it  being  closer  to  the  electron  withdrawing 
oxygen atom of the cineole ether bridge than is carbon atom 3.  The relatively low 
degree of polarisation of the C H bonds in 1,8 cineole is likely also to limit the extent to 
which the hydrogen bonded transition state can form and so contribute to the overall 
low reactivity of this substance in this type of reaction. 
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Figure 3.5: Mechanism for insertion of oxygen into a carbon to hydrogen bond by a 
peracid.   33 
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Figure 3.6:  Exo and endo faces of the 1,8 cineole molecule indicating the potential for 
attack by the peracid at carbon atoms 2 and 3. 
 
As  a  result  of  the  difficulty  in  functionalising  the  cyclohexane  ring,  most  synthetic 
derivatives of 1 have been made by utilising α terpineol
105 109 or pinol
110, 111 as starting 
materials. 
 
3.2  Results and Discussion 
 
3.2.1  Synthesis of Cineole Esters 
 
The route followed for the synthesis of the 1,8 cineole esters is outlined in the scheme 
in Figure 3.7.  The initial step involved the oxidation of 1 using chromium(VI) oxide in 
glacial  acetic  acid/acetic  anhydride  to  give  the  monoketone  6  as  described  by  de 
Boggiatto et al.
99.   Luzzio et al.
112 reported a modified method of de Boggiatto et al.
99, 
that involved carrying out the reaction under a nitrogen atmosphere and maintaining the 
reaction temperature at 4°C rather than allowing it to reach room temperature but in the 
work undertaken in this thesis there was no significant improvement achieved by using 
Luzzio’s method,  as yields of the ketone ranged from 30% to 75%.  Oxidation resulted   34 
in  the  formation  of  the  diketone  9  and  the  acetate  8a,  confirming  the  work  of  de 
Boggiatto et al.
99.  Other components in the mixture were not identified. 
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Figure 3.7:  Synthesis of 1,8-cineole esters 8a-e. 
Reagents and conditions:  a
99 CrO3, CH3COOH/(CH3O)2O, 4°C, 48 h, r.t., 10 h; b
99 
NaBH4, dry EtOH, r.t., 2 h, reflux, 5 h; c dry pyridine, (CH3O)2O, dry CH2Cl2, reflux, 
22 h; d dry pyridine, RCOCl, dry CH2Cl2, reflux, 5 h. 
 
The ketone 6 was next reduced to the  alcohol 7 using sodium borohydride.   Initial 
attempts  at  this  reduction  were  carried  out  in  methanol  without  success,  the  ketone 
being recovered together with a complex mixture that was not characterised.  Analysis   35 
by 
1H nuclear magnetic resonance (nmr) spectrometry  of the  crude mixture did not 
show any signals indicative of the expected 3 hydroxy 1,8 cineole.  Partial separation 
by column chromatography gave a component whose 
1H nmr spectrum suggested an 
alkene,  and  the  infrared  (IR)  and  ultraviolet  (UV)  spectra  suggested  a  conjugated 
ketone.  The 
1H nmr spectrum for this compound also lacked the three singlets due to 
the methyl groups evident in 1,8 cineole and all of the 1,8 cineole derivatives prepared 
in this work.  On the assumption that the lack of success in this reduction was due to the 
slight acidity of methanol causing the ether ring of the 1,8 cineole to open followed by 
loss of hydrogen to give an alkene, the reaction was attempted using the less acidic 2 
propanol as solvent.  The 
1H nmr spectrum of the crude reaction mixture showed signals 
indicative of the desired alcohol 7, but also signals suggesting the presence of the same 
compound  as  seen  in  the  earlier  attempts.    The  ratio  of  the  signals  suggested  an 
approximate 1:1 mixture of the alcohol 7 and the possible conjugated ketone, which was 
an unacceptably low yield given de Boggiatto et al.
99 report a nearly quantitative yield.  
A near quantitative conversion to the alcohol was finally achieved when dry ethanol 
was used as the solvent for this reaction.  de Boggiatto et al. did not report using dry 
methanol in their reduction of the ketone but all attempts in this work to carry out the 
borohydride reduction in undried alcohol as solvent were unsuccessful. 
 
The acetate 8a was prepared by reflux of the alcohol 7 with acetic anhydride, whilst the 
remaining esters 8b-e were prepared by reaction of 7 with the appropriate acid chlorides 
which had been prepared by reflux of the carboxylic acid with freshly distilled thionyl 
chloride. 
 
Synthesis  of  the  1,4 cineole  esters  is  outlined  in Figure  3.8.    Terpinen 4 ol 10  was 
oxidised  to  the  epoxide  11  by  t butyl  hydroperoxide  with  vanadium  (IV)  bis(2,4   36 
pentanedionate)  oxide  as  catalyst  followed  by  acid  catalysed  rearrangement  of  the 
epoxide to 2 exo hydroxy 14 cineole 5 as described by Payne
113.  The alcohol 5 was 
converted to the esters 12a-e in the same manner as for the 1,8 cineole esters.   
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O
OH
a b
10 11
5
c
e
12a 12b R =  CO(CH2)2CH3
c R =  CO(CH2)4CH3
d R =  COCH2(CH3)3
e R =  COC6H5
d
3
O
OH
O
OR
O
O
O
O
O
 
Figure 3.8:  Synthesis of Cinmethylin, 3, and 1,4-cineole esters 12a-e. 
Reagents and conditions:  a
113 t butyl hydroperoxide, CH2Cl2, VO(AcAc)2, reflux, 2 h; 
b
113 p TSA, reflux, 1.5 h; c
83 CH3C6H4CH2Cl, NaH, dry THF, N2, reflux, 15 h; d dry 
pyridine, (CH3O)2O, dry CH2Cl2, reflux, 20 h; e dry pyridine, RCOCl, dry CH2Cl2, 
reflux, 5 h. 
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During two attempts to prepare alcohol 5, a significant quantity of white crystals of a 
water soluble  compound  was  obtained  together  with  a  reduced  yield  of 5.   
1H  nmr 
analysis of the water soluble compound indicated it to be the triol 13 (Figure 3.9) as 
described by Brophy et al.
114.  It is likely that this compound formed as a result of the 
reaction of epoxide 11 with water that was introduced into the system with the 70% 
aqueous t butyl hydroperoxide solution used as oxidising agent.  In his description of 
the preparation of 5, Payne
113 does not indicate formation of 13, although Frank
115 notes 
it as a product in his exploration of reaction conditions used to oxidize terpinene 4 ol 
10.  The formation of the triol in this work may be due to using 70% aqueous t butyl 
hydroperoxide  solution  with  its  higher  water  content  compared  to  the  90% 
hydroperoxide solution used in Payne’s work.   
 
OH
OH
OH
13  
Figure 3.9:  The water soluble triol formed in the preparation of 2 exo hydroxy1,4 
cineole 
 
In  the  reactions  to prepare both  1,8 cineole  and  1,4 cineole  esters  of  butanoic  acid, 
hexanoic acid, 3,3 dimethylbutanoic acid and benzoic acid, the anhydride of the related 
carboxylic acid formed as a side product.  This was shown by IR analysis of the crude 
reaction mixtures which indicated signals that could be assigned to the desired esters, 
and signals assignable to anhydrides.  These anhydrides had very similar Rf values on   38 
silica gel compared to the esters making separation of the esters and putative anhydrides 
by column chromatography difficult.  However, low pressure distillations of the oils 
recovered from workup in one preparation of the 3 exo hexoxy 1,8 cineole 8c, and one 
preparation of the 2 exo hexoxy 1,4 cineole 12c, gave sufficiently pure samples of the 
unwanted products to enable their characterisation by 
1H nmr spectroscopy, showing 
them to be hexanoic anhydride.  Whilst the unwanted compounds were not obtained in 
sufficient purity in preparation of the other esters for full characterisation, the behaviour 
on silica gel and the IR spectra of the crude reaction products strongly suggested that 
these compounds were also the anhydrides. 
 
Because the esterification reactions were carried out under dry conditions it is likely that 
the anhydrides formed during workup due to the use of aqueous solutions.  Analysis of 
the 
1H nmr spectra for the acid chlorides prior to reaction did not reveal anhydrides, 
further  supporting  the  likelihood  that  anhydride  formation  occurred  during  workup.  
The limited water solubilities of the acid chlorides used in these reactions may have 
contributed to the anhydride formation, allowing only some of the excess acid chloride 
to be hydrolysed to the corresponding carboxylic acid which in turn could condense 
with remaining acid chloride to form the anhydride.  In the initial attempts at these 
reactions a molar excess of acid chloride to the hydroxy cineoles 5 and 7 of 5:1 was 
used.    This  resulted  in  the  crude  mixture  obtained  from  workup  comprising,  on 
occasions, over 50% anhydride.  It was found that by taking the crude product up in 
organic solvent and shaking with cold ammonia solution most of the anhydride could be 
removed.  In later attempts at these reactions, workup was modified to avoid use of 
water.  The excess acid chloride (and pyridine) was mostly removed under low pressure 
on the rotavap.  This method proved relatively successful for both the 1,8 cineole and 
1,4 cineole esters of benzoic acid and the 1,8 cineole ester of 3,3 dimethylbutanoic acid   39 
as after removal of sufficient of the excess acid chloride and pyridine, the esters formed 
crystals.  As well as a water free workup, the 3,3 dimethylbutanoic acid ester of 3 
hydroxy 1,8 cineole was prepared with a molar equivalence of 1.5:1 of acid chloride to 
alcohol rather than  5:1 giving a cleaner crude product and not adversely affecting yield. 
 
3.2.2  Enzymatic Resolution of Racemic (1RS, 4SR, 5RS)-1,3,3-
Trimethyl-2-oxabicyclo[2.2.2]octan-5-yl ethanoate 
 
In  order  to  assess  any  potential  difference  in  the  bioactivity  of  the  enantiomers  of 
alcohol 7 (see Section 5.2.5), the racemic mixture of acetate 8a was treated with pig 
liver  esterase  as  described  by  Luzzio  and  Duveau
112.    This  enzyme  selectively 
hydrolyses only the (S) (−) acetate to give the (S) (−) alcohol of 7.  When conducted on 
the scale described by Luzzio and Duveau the hydrolysis proceeded as expected but on 
the larger scale required in this work to produce sufficient quantity of the compounds 
for herbicidal testing, the reaction rate slowed considerably.  The cause was presumed 
to be a reduction in the pH of the reaction medium as the acetate was hydrolysed to the 
alcohol and ethanoic acid, inhibiting the activity of the enzyme.  Periodic readjustment 
of the pH was necessary in order for the hydrolysis to proceed.  The rate of the reaction 
was monitored regularly by sampling aliquots of the suspension and conducting 
1H nmr 
analysis of the material recovered from workup of these aliquots.  As it was shifted 
downfield, the 
1H nmr signal for the carbon 3 hydrogen atom in alcohol 7 was clearly 
distinguishable from the carbon 3 hydrogen atom signal for the acetate 8a.  The reaction 
was taken to be complete when the ratio of these signals was 1:1. 
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3.2.3  Preparation of 2-endo-hydroxy-1,8-cineole 14 
 
Asakawa et al.
116 reported the oxidation of 1,8 cineole 1 with m chloroperbenzoic acid 
to the endo alcohols 14 and 15 as well as the exo alcohol 16 in yields of 7%, 11%, and 
18%, respectively,  considered unacceptably low for the purposes of cleanly and reliably 
producing hydroxylated 1,8 cineoles, in particular for the 2 hydroxy 1,8 cineoles, in the 
quantities  needed  for  bioactivity  testing.    However,  there  are  numerous  reports  of 
bacterial or enzymatic conversions of 1 to 14 so it was decided for this work to attempt 
to obtain the 2 hydroxy 1,8 cineoles as metabolic products from bacteria grown on 1,8 
cineole as their sole carbon source (see Chapter 4). 
 
However, in order to facilitate the identification of its presence in broth cultures of 
bacteria  (see  Chapter  4),  a  sample  of  the  alcohol  (1R,  6R) 1,3,3 trimethyl 2 
oxabicyclo[2.2.2]octan 6 ol,  14,  was  considered  desirable  for  the  purpose  of 
determining its retention time by gas chromatography, so preparation of these hydroxy 
1,8 cineoles was attempted by the method of Asakawa et al.
116.  These attempts were 
not successful, with 1,8 cineole being the main component recovered after workup of 
the reaction, together with small amounts of complex mixtures.  In one attempt, after 
partial separation on a silica gel column of the material recovered from workup, 
1H nmr 
analysis of a fraction representing an approximate yield of only 2%, showed signals (in 
about a 1:1 ratio) at about δ3.6 and about δ4.4 suggesting the presence of alcohols 14 or 
16 and 15, respectively.  The proton nmr signals for the hydrogen on carbon atom 2 of 
compounds 14 and 16 appear in the region δ3.6 and the signal for the hydrogen on 
carbon atom 3 of compound 15 appears at δ4.4
116. 
 
As  an  alternative  to  the  synthesis  of  the  2 hydroxy 1,8 cineoles  directly  from  1,8 
cineole, the method developed by Payne
113 for the preparation of the 2 hydroxy 1,4   41 
cineole alcohol 5 from α terpineol 17 was used as shown in the scheme in Figure 3.10.  
This reaction resulted in a complex mixture together including starting material.  The 
1H 
nmr spectrum of the crude material showed no signals that indicated the presence of the 
desired hydroxy cineoles and so was not pursued further.    
 
OH OH
O
17
a
16
b
 
Figure 3.10:  Attempted Route to 2-hydroxy-1,8-cineoles based on Payne synthesis 
for 2-exo-hydroxy-1,4-cineole. 
Reagents and conditions:  a
113 t butyl hydroperoxide, CH2Cl2, VO(AcAc)2, reflux, 2 h; 
b
113 p TSA, reflux, 1.5 h 
 
The alcohol 14 was finally synthesised by the epoxidation of 17, and its subsequent 
rearrangement to the 2 hydroxy 1,8 cineoles as described by a number of workers
84, 117, 
118 by the scheme outlined in Figure 3.11.  In this present work, the reaction was carried 
out as described by Kopperman et al.
118 to give the alcohol 14 and epoxide 19 (Figure 
3.11).   
   42 
OH
a
OH
O
16
OH
O
+
14
b
b
18 19
+
20
17
O
OH
O
OH
O
OH
 
 
Figure 3.11:  Synthesis of 2-endo-hydroxy-1,8-cineole 
Reagents and conditions:  a
118 m Chloroperbenzoic acid, CH2Cl2, 0°C, 3 h, Na2CO3 
(aq), Na2SO3 (aq) ; b
117 p TSA, CH2Cl2, room temperature, 24 h 
 
The first step in Figure 3.11 gives epoxides 18 and 19 in an approximate ratio of 1:1, 
although  epoxide  18  is  difficult  to  isolate  as  it  readily  undergoes  rearrangement  to 
alcohol 14 and minor amounts of alcohol 20.  An improved ratio of epoxide 18 over 
epoxide 19 was achieved by oxidising 17 with hydrogen peroxide in the presence of 
manganese(II) sulfate as catalyst with an additive of salicylic acid as described by Lane 
et al.
119.  The reaction was buffered with aqueous sodium hydrogencarbonate solution.    43 
This approach to the epoxides proceeded more cleanly in our hands than did the m 
chloroperbenzoic acid epoxidation.  After workup, 
1H nmr analysis of the crude material 
indicated  an  approximate  2:1  ratio  of  epoxide  18  to  epoxide  19.    This  ratio  was 
estimated from the integration of the signals for the proton on carbon 2 which appear at 
approximately δ3.05 and δ2.98 for epoxides 18 and 19, respectively, as reported by 
Carman and Fletcher
117. 
 
3.2.4  Attempted Synthesis of Ether Linked Cineoles 
 
In an attempt to synthesise a compound linking two 1,4 cineole molecules together as 
illustrated in Figure 3.1, the alcohol 5, 2 exo hydroxy 1,4 cineole, was heated under 
reflux with the Lewis acid catalyst zinc chloride.  A Lewis acid was chosen for this 
reaction to minimize the possibility of the ether bridge between carbon atoms 1 and 4 
opening under the influence of a stronger mineral acid, but the vulnerability of this ether 
bridge  is  indicated  by  the  recovery  of  the  terpene  3 isopropyl 6 methyl 2 
cyclohexenone, 21, commonly known as carvenone, as the main compound from the 
reaction.  The likely mechanism for the formation of 21 from 5 is outlined in Figure 
3.12.  It is likely that the Lewis acid coordinates with a lone electron pair on the ether 
oxygen  of  5  to  promote  rearrangement  to  the  diol,  followed  by  the  Lewis  acid 
coordinating  to  the  tertiary  alcohol  to  facilitate  loss  of  water  which  results  in  the 
formation  of  the  corresponding  cyclohexadiene.    Finally,  this  diene  undergoes 
rearrangement to give the conjugated ketone 21.  The compound was confirmed as 21 
by comparison of its 
1H nmr spectrum to that reported by Kraus and Zartner
120 for 
carvenone. 
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Figure 3.12:  A suggested mechanism for the opening of the 1,4 ether bridge of 2 exo 
hydroxy 1,4 cineole to form carvenone on treatment with the Lewis acid zinc chloride. 
 
3.2.5  Proton Nuclear Magnetic Resonance Spectral Analysis 
In general the signals for the methyl hydrogen atoms on carbon atoms 9 and 10 show a 
relatively small separation for both the 1,8 cineole and 1,4 cineole based compounds.  
Where assignment of these methyl signals to a specific carbon has been made, it is the 
downfield signal that has been attributed to the carbon 9 hydrogen atoms.  This is based 
on the assumption that there may be a shielding effect on the hydrogen atoms of carbon   45 
atom 10 due to a through space influence arising from the presence of the hydroxyl or 
ester group in these compounds.  This is supported by the much closer shifts seen for 
these  two  methyl  signals  in  the  1,4 cineole  compounds  than  for  the  corresponding 
methyl signals in the 1,8 cineole compounds.  The position of the hydroxyl or ester 
group on carbon 3 of the cyclohexane ring in the 1,8 cineole compounds, places them 
closer to the carbon 10 hydrogen atoms than is the case for the 1,4 cineole compounds 
where  the  group  is positioned  at  carbon  atom  2  of  the  cyclohexane  ring.    It  might 
therefore  be  expected  that  the  hydrogen  atoms  on  carbon  10  of  the  1,8 cineole 
compounds will experience a greater shielding effect. 
 
Assignment of proton signals for compounds 6, 7, 8b, e, and 13 are based on COSY and 
HSQC two dimensional spectra.  In addition to these compounds, COSY experiments 
were also performed on 12d and 12e.  This enabled assignment of most, but not all, of 
the  aliphatic  hydrogen  atoms  to  specific  signals.    Two  dimensional  spectra  for  the 
butanoate and hexanoate esters of the 1,4  and 1,8 cineoles would be unlikely to provide 
much  additional  data  as  their  one  dimensional 
1H  nmr  spectra  showed  signals  in  a 
similar region for both the aliphatic hydrogen atoms in the carboxylic acid portions and 
the cyclohexane ring.  For compounds where specific assignments of 
1H signals based 
only  on  one  dimensional  spectra  have  been  made,  it  is  postulated  that  the 
1H  nmr 
spectra  for  these  compounds  follow  a  similar  pattern  to  that  determined  for  the 
compounds where two dimensional spectra were performed.   
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3.3  Experimental 
 
3.3.1  General Procedures 
 
Solvents were purified by distillation and unless otherwise stated, where required, dried 
over molecular sieves. The amount of residual water present in solvents was determined 
using a Metrohm Karl Fischer Coulometer 684.  The hydrocarbon solvent referred to as 
hexane had a boiling range of 65 70°C. 
   
Thin  layer  chromatography  (TLC)  was  performed  using  Merck  silica  gel  60  F254 
aluminium backed sheets.  The compounds were routinely visualized by immersing in a 
solution of 5% phosphomolybdic acid in ethanol followed by heating. 
 
Column  chromatography  was  performed  on  Merck  silica  gel  (70 230  mesh)  as  the 
stationary phase and pre adsorption was conducted on Merck silica gel (35 70 mesh). 
 
Unless otherwise stated, 
1H and 
13C nmr spectra were measured at 300 and 75 MHz 
respectively,  on  a  Bruker  Avance  DPX 300  spectrometer,  for  solutions  in 
deuterochloroform (CDCl3) with internal standard tetramethylsilane (TMS) (
1H, 
13C,  δ 
0.00) and residual chloroform (
1H, δ 7.26; 
13C,  δ 77.0).  Assignment of signals with the 
same superscript in the 
1H spectra are interchangeable.  The signals in the 
13C spectra 
were assigned with the aid of DEPT experiments and assignment of signals with the 
same superscripts are interchangeable.  All coupling constants are given in hertz. 
 
Infrared spectra were recorded on a Nicolet 850 series III FTIR, as thin films between 
KBr discs for oils, and using a diffuse reflectance unit for solids.  High resolution mass   47 
spectra were obtained on a V.G. Autospec high resolution mass spectrometer at the 
University of Western Australia, Perth, Australia. 
 
Optical rotations were recorded on an Optical Activity PolAAR 2001 polarimeter for 
chloroform solutions and given in deg dm
2 g
–1. 
 
(± ± ± ±)-1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octane-5-one 6 
In an adaptation of the method of de Boggiatto et al.
99 powdered anhydrous chromium 
trioxide (54.0 g) (dried in an oven overnight at 120°C) was added slowly to a stirred 
solution of glacial acetic acid (135 mL) in acetic anhydride (270 mL) in an ice/water 
bath (cooled to 0°C).  The resulting red chromyl acetate solution was stirred, at 0ºC, 
under nitrogen for an hour and then added via a glass canula under nitrogen pressure to 
a solution of 1,8 cineole (27.8 g, 0.180 mol) in glacial acetic acid (45 mL) over 1.5 
hours.  The mixture was stirred at 4ºC for 48 hours and then at ambient temperature for 
10  hours,  quenched  with  3  times  its  volume  of  ice water  and  extracted  with 
dichloromethane  (4  ×  200  mL).    The  combined  organic  extracts  were  shaken  with 
successive aliquots of aqueous 1 M NaOH until the dichloromethane layer had lost its 
colour and the aqueous layer became deep orange.  The dichloromethane layer was 
finally  shaken  with  aqueous  Na2CO3  to  ensure  removal  of  acetic  acid.    The 
dichloromethane  was  evaporated  leaving  a  yellow  oil  (24.5  g).    Analysis  by  gas 
chromatography indicated the oil to be 74% ketone (thus representing a 60% yield) with 
the remainder being 1,8 cineole.  The mixture was vacuum distilled twice to give the 
ketone as a colourless oil (10.2 g, 30% recovered yield) (bp. 62 70°C, 0.5 mm Hg). 
1H NMR:  δH 1.11 (3H, s, 7 H), 1.20 (3H s, 9 H), 1.27  (3H, s, 10 H), 1.54 1.70 (1H, m, 
5 H), 1.72 1.86 (2H, m, 5 H, 6 H), 2.12 2.24 (3H, m, 2 H2, 6 H), 2.38 (1H, dd, J = 2.9, 
18.9, 4 H)   48 
(± ± ± ±)-exo-1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octan-5-ol 7 
The alcohol 7 was prepared as described by de Boggiatto et al.
99, but using dry ethanol 
rather than methanol as solvent.  3 Oxo 1,8 cineole (13.7 g, 81.6 mmol) dissolved in 
dry ethanol (155 mL) was added dropwise (under dry conditions) to a freshly prepared 
solution of NaBH4 (6.90 g, 0.182 mol) in dry ethanol (310 mL) and stirred at room 
temperature for 2 hours followed by heating under reflux for 3 hours and then acidified 
with glacial acetic acid.    The reaction mixture was concentrated using a rotavap to 
about one tenth its original volume, diluted with 5% aqueous Na2CO3 solution (130 
mL)  and  extracted  with  ethyl  acetate.    The  combined  organic  extracts  were  dried 
(Na2SO4) to give the alcohol 7 as a pale yellow oil (13.7 g, 98%). 
1H NMR:  δH  1.11 (3H, s, 7 H), 1.24  (3H, s, 8 H), 1.33 1.42 (2H, m, 5 H, 6 H), 1.44  
(3H, s, 10 H), 1.52 1.62 (m, 2H, 5 H, 6 H), 1.69 (1H, ddd, J = 3.2, 6.1, 13.8, 4 H), 
1.98 2.09 (1H, m, 2 H), 2.06 (1H, dd, J = 10.3, 13.8, 2 H), 2.14 (1H, br s, OH), 4.15 
(1H, ddd, J = 2.0, 6.2, 10.3, 3 H) 
 
(± ± ± ±)-exo-1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octan-5-yl ethanoate 8a 
Dry pyridine (12.3 g, 155 mmol, 6 equiv.) and acetic anhydride (92.3 g, 904 mmol, 35 
equiv.) were added to a solution of 3 exo hydroxy 1,8 cineole (4.40 g, 25.8 mmol) in 
dry dichloromethane (44 mL) and heated under reflux for 22 hours.  The mixture was 
allowed to cool and then mixed with 2.5 times its volume of water.  This mixture was 
washed with 1 M HCl and then extracted with dichloromethane (3 × 100 mL).  The 
combined organic layers were dried (Na2SO4) and the solvent evaporated to give an 
orange oil.  The oil was chromatographed over a short column of silica gel (eluent ethyl 
acetate:hexane; 1:3) to give the acetate as a colourless oil (15.2 g, 95%). 
1H NMR:  δH  1.12 (3H, s, 7 H ), 1.24  (3H, s, 9 H), 1.35 (3H, s, 10 H), 1.37 1.53 (2H, 
m, 5 H, 6 H), 1.54 1.68 (2H, m, 5 H, 6 H), 1.69 1.78 (2H, m, 2 H, 4 H), 2.02 2.13 (1H,   49 
m, 5 H), 2.05 (3H, s, COCH3), 2.10 (1H, dd, J = 10.6, 14.1, 2 H), 4.98 (1H, ddd, J = 
2.2, 6.0, 10.6, 3 H) 
 
(± ± ± ±)-exo-1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octan-5-yl butanoate 8b 
 3 exo Hydroxy 1,8 cineole (5.00 g, 29.4 mmol) and dry pyridine (11.6 g, 147 mmol, 5 
equiv.)  were  dissolved  in  dry  dichloromethane  (42  mL)  in  an  ice  bath.    Butanoyl 
chloride (15.6 g, 147 mmol, 5 equiv.) dissolved in dry dichloromethane (25 mL) was 
added dropwise from a pressure equalising funnel and stirred in ice for 3 hours.  The 
reaction mixture was then stirred at room temperature for 17 hours followed by 3 hours 
heating under reflux.  The reaction mixture was cooled, poured over ice, washed with 
dilute HCl then dilute aqueous NH3.  The organic layer was separated, dried (Na2SO4) 
and evaporated to give a brown oil.  Tlc (eluent ethyl acetate:hexane; 1:3) of this crude 
product showed a spot that may have been the anhydride of butanoic acid (IR) so the oil 
was taken up in dichloromethane and further washed with concentrated aqueous NH3.  
The  pale  brown  oil  recovered  was  separated  on  a  silica  gel  column  (eluent  hexane 
followed by 1% ethyl acetate in hexane rising to 5% ethyl acetate in hexane) to give the 
ester as a very pale yellow oil (3.29 g, 47%).  (Found: (M+1)
+, 241.1791, C14H25O3 
requires (M+1), 241.1804) 
1H NMR:  δH  0.96 (3H, t, J = 7.4, 4′ H3),  1.11 (3H, s, 7 H ), 1.24  (3H, s, 9 H), 1.35 
(3H, s, 10 H), 1.40 1.53 (2H, m, 5 H, 6 H), 1.59 1.77 (3H, m, 2 H, 4 H, 6 H), 1.66 (2H, 
sept, J = 7.4, 3′ H2), 2.02 2.10 (1H, m, 5 H), 2.11 (1H, dd, J = 10.6, 14.1, 2 H),  2.28 
(2H, t, J = 7.5, 2′ H2), 5.00 (1H, ddd, J = 2.2, 6.0, 10.5, 3 H); 
13C NMR:  δC 13.71 (CH2CH3), 18.39 (CH2CH3), 21.09 (C 5), 26.77 (C 7), 30.15 (C 6), 
30.17  (C 9),  30.52  (C 10),  36.72  (COCH2 ),  37.55  (C 4),  40.42  (C 2),  70.00  (C 1), 
72.53 (C 3), 73.14 (C 8), 173.28 (CO);    50 
m/z 240 (M
+, 17%), 239 (16), 226 (12), 225 (84), 223 (22), 153 (100), 152 (35), 151 
(23), 147 (16), 137 (37), 135 (55), 11 (11);  
IR (cm
1 ) 2968, 2932 (C H, str), 1734 (OCO ester). 
 
(± ± ± ±)-exo-1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octan-5-yl hexanoate 8c 
Hexanoyl chloride (19.9 g, 148 mmol, 5 equiv.) in dry dichloromethane (25 mL) was 
added dropwise over one hour, at ambient temperature, to a solution of 3 exo hydroxy 
1,8 cineole (5.08 g, 29.8 mmol) and dry pyridine (11.8 g, 148 mmol, 5 equiv.) in dry 
dichloromethane (42 mL) and then heated under reflux for 7 hours.  The cooled mixture 
was poured on to ice, the organic layer separated and the aqueous layer extracted once 
with  dichloromethane.    The  combined  organic  layers  were  washed  with  1  M  HCl 
followed by dilute aqueous NH3 solution, dried (Na2SO4) and evaporated to give a red 
oil.  The oil was distilled under reduced pressure to give hexanoic anhydride and still 
impure ester (bp. 102 120°C, 5 mm Hg).  The ester was further purified on a silica gel 
column (eluent hexane progressing to 5% ethyl acetate in hexane) to give a clear oil 
(5.07g, 63%).  (Found: (M H)
+, 267.1947, C16H27O3 requires (M H), 267.1960) 
1H NMR:  δH  0.90 (3H, t, J = 6.9, 6′ H3),  1.11 (3H, s, 7 H ), 1.24  (3H, s, 9 H), 1.28 
1.38 (4H, m, 4′ H2, 5′ H2), 1.35 (3H, s, 10 H), 1.41 1.53 (2H, m, 5 H, 6 H), 1.54 1.76 
(5H, m, 2 H, 4 H, 6 H, 3′ H2), 2.01 2.13 (1H, m, 5 H), 2.11 (1H, dd, J = 10.6, 14.1, 2 
H),  2.29 (2H, t, J = 7.7, 2′ H2), 4.99 (1H, ddd, J = 2.2, 6.0, 10.5, 3 H); 
13C NMR:  δC 13.87 (CH2CH2CH2CH2CH3), 21.07 (C 5), 22.29 (CH2CH2CH2CH2CH3), 
24.56  (C 6),  26.75  (C 7),  30.13  (CH2CH2CH2CH2CH3),  30.15  (C 9),  30.51  (C 10), 
31.30 (CH2CH2CH2CH2CH3), 34.76 (CH2CH2CH2CH2CH3), 37.52 (C 4), 40.40 (C 2), 
69.99 (C 1), 72.53 (C 3), 73.12 (C 8), 173.46 (CO);  
m/z 269 (M+1, 100%), 268 (M, 11), 267 (18), 254 (13), 253 (78), 252 (10), 251 (31), 
175 (36);    51 
IR (cm
 1) 2964, 2931, 2869 (C H str), 1734 (OCO ester). 
 
(± ± ± ±)-exo-1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octan-5-yl 3,3-dimethylbutanoate 8d 
3,3 Dimethylbutanoyl chloride (7.53 g, 55.9 mmol, 1.5 equiv.) in dry dichloromethane 
(10 mL) was added dropwise over half an hour, at ambient temperature, to a solution of 
3 exo hydroxy 1,8 cineole (6.35 g, 37.3 mmol) and dry pyridine (4.42 g, 55.9 mmol, 
1.5 equiv.) in dry dichloromethane (50 mL).  The reaction mixture was heated under 
reflux for 3.5 hours and then the cooled reaction mixture was filtered to remove the 
white precipitate of pyridinium chloride followed by removal of the dichloromethane 
(and excess pyridine and acid chloride) on a rotavap.  This gave an oil that solidified to 
give an off white solid that was recrystallised from EtOAc to give white needles (9.49 g, 
95%), m.p. 54 55 °C.  (Found: (M+1)
+, 269.2117, C16H29O3 requires (M+1), 269.2117) 
1H NMR:  δH 1.04 (9H, s, C(CH3)3), 1.11 (3H, s, 7 H), 1.24 (3H, s, 9 H), 1.36 (3H, s, 
10 H), 1.38 1.54 (2H, m, 5 H, 6 H), 1.55 1.76 (3H, m, 2 H, 4 H, 6 H), 2.02 2.15 (1H, 
m, 5 H), 2.13 (1H, dd, J = 10.6, 14.1, 2 H), 2.19 (2H, s, 2′ H2), 5.00 (1H, ddd, J = 2.1, 
6.1, 10.5, 3 H); 
13C NMR:  δC 21.17 (C 5), 26.77 (C 7), 29.72 (C(CH3)3), 30.17 (C 6), 30.57 (C 9, 10), 
30.87 (C(CH3)3), 37.72 (C 4), 40.57 (C 2), 48.37 (CH2C(CH3)3), 70.04 (C 1), 72.29 (C 
3), 73.18 (C 8), 172.01 (CO);  
m/z 269 (M+1, 100%), 268 (M, 10), 254 (11), 253 (73), 251 (15), 175 (20), 153 (95), 
152 (36), 151 (19), 137 (73), 135 (57);  
IR (cm
 1) 2961, 2934, 2866 (C H, str), 1725 (OCO ester). 
 
(± ± ± ±)-exo-1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octan-5-yl benzoate 8e 
 Benzoyl chloride (20.6 g, 147 mmol, 5 equiv.) in dry dichloromethane (25 mL) was 
added dropwise over one hour from a pressure equalising funnel to a solution of 3 exo   52 
hydroxy 1,8 cineole (5.08 g, 29.8 mmol) and dry pyridine (11.8 g, 148 mmol, 5 equiv.) 
in dry dichloromethane (42 mL) that was cooled in an ice water bath.  The reaction was 
stirred in an ice water bath for 2 hours followed by 2 hours at ambient temperature.  The 
reaction mixture was poured over ice, washed with dilute HCl followed by 5% Na2CO3 
solution and finally by concentrated aqueous NH3 solution.  The organic layer was dried 
(Na2SO4) and evaporated to give a pale yellow solid.  The yellow solid was stirred in 
cold hexane and the undissolved portion recovered on a Buchner funnel to give white 
crystals  of  the  benzoate  (5.45  g,  68%),  m.p.  75 77°C.    (Found:  (M+1)
+,  275.1662, 
C17H23O3 requires (M+1), 275.1647) 
1H NMR:  δH  1.16 (3H, s, 7 H ), 1.28  (3H, s, 9 H), 1.48 (3H, s, 10 H), 1.43 1.57 (1H, 
m, 6 H), 1.59 1.72 (2H, m, 5 H, 6 H), 1.85 1.95 (2H, m, 2 H, 4 H), 2.08 2.19 (1H, m, 
5 H), 2.25 (1H, dd, J = 10.5, 14.2, 2 H), 5.26 (1H, ddd, J = 2.1, 6.1, 10.5, 3 H), 7.45 
(2H, t, J = 7.7, 3′ H, 5′ H), 7.54 7.66 (1H, m, 4′ H), 8.05 (2H, d, J = 7.8, 2′ H,6′ H); 
13C NMR:  δC 21.16 (C 5), 26.77 (C 7), 30.11 (C 9), 30.16 (C 6), 30.88 (C 10), 37.71 
(C 4), 40.46 (C 2), 70.08 (C 1), 73.10 (C 8), 73.33 (C 3), 128.41 (C 3′, 5′), 129.53 (C 
2′, 6′), 130.42 (C 1′), 132.94 (C 4′), 166.17 (CO);  
m/z 275 (M+1, 98%), 274 (M
+, 11), 259 (50), 181 (24), 155 (22), 154 (73), 153 (85), 
152 (27), 139 (16), 138 (33), 137 (100), 136 (50), 135 (36), 124 (22), 123 (25);  
IR (cm
 1) 3065, 3012 (Ar H), 2992, 2964, 2924 (C H str), 1713 (OCO ester) 1601, 1582 
(Aromatic). 
 
Enzymatic resolution of (± ± ± ±)-exo-1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-5-yl 
ethanoate 8a
112 
Racemic acetate 8a (8.11 g, 38.2 mmol) was ground to a fine powder and added to 
phosphate  buffer  solution  (pH  7.08,  190  mL).    Porcine  liver  esterase  (E 3019,  EC 
3.1.1.1, 2050 units) was added and the mixture incubated at 35°C for 3 days.  The pH at   53 
this stage was 5.5 so was adjusted to 7.0 with aqueous NaOH solution.  The suspension 
was incubated a further 4 days and the pH readjusted from 6.5 to 7.0.  Incubation was 
continued another 6 days at which time 
1H nmr analysis of a small sample of suspension 
subjected to workup, indicated a 1:1 ratio of alcohol to acetate.  Saturated brine (50 mL) 
followed  by  dichloromethane  (50mL)  was  added  to  the  suspension.    The  resulting 
mixture was filtered through diatomaceous earth to remove proteinaceous material and 
the filtrate extracted with dichloromethane (3 × 200 mL).  The combined extracts were 
dried (Na2SO4) and evaporated to give a yellow oil.  The oil was chromatographed on 
silica gel (eluent hexane followed by 5% ethyl acetate in hexane) to give the (R) (+) 
acetate as a clear oil (3.50 g, 86%) which solidified on refridgeration, and the (S) (−) 
alcohol as clear oil (3.20 g, 99%) which solidified on standing. 
For alcohol (S) (−) 7:  m.p. 90°C; [α]D
20 =  46.6 (c  = 0.023 g mL
 1, CHCl3) (lit.
112 m.p. 
90 92°C); 
1H NMR:  δH:
  As for (±) 7. 
For acetate (R) (+) 8a:  m.p. 36 38°C; [α]D
20 = +48.2 (c  = 0.025 g mL
 1, CHCl3) (lit.
112 
m.p. 41 43°C); 
1H NMR:  δH:
  As for (±) 8a. 
 
(± ± ± ±)-exo-4-Isopropyl-4-methyl-7-oxabicyclo[2.2.1]heptan-2-ol 5 
To  a  solution  of  (+) terpinen 4 ol  (30.8  g,  200  mmol)  and  vanadium  (IV) bis(2,  4 
pentanedione) oxide (0.800 g, 3.00 mmol) in dichloromethane (300 mL) was added t 
butyl hydroperoxide (70%) (28.3 g, 220 mmol).  The resulting reaction mixture was 
heated under reflux for 2 hours, after which p toluenesulfonic acid 0.880 g, 4.6 mmol) 
in glyme (10 mL) was added.  After heating under reflux for a further 1.5 hours, the 
reaction mixture was allowed to cool and sodium ethanoate (0.800 g, 9.75 mmol) was 
added with stirring.  The mixture was filtered and the dichloromethane removed using a 
rotavap.  The resulting oil was Claisen distilled under reduced pressure (bp. 80 90°C, 2 
mm Hg).  A white crystalline material formed in the condenser during distillation so   54 
steam was run through the condenser to melt and mobilise the material.  The solid was 
recrystallised from hexane to give white needles (23.1 g, 68 %), m.p. 83 86°C. 
1H NMR:  δH
  0.96 (3H, d, J = 6.9, 9 H), 0.97 (3H, d, J = 6.9, 10 H), 1.34 1.61 (5H, m, 
3 H, 5 H2, 6 H2), 1.42 (3H, s, 7 H), 1.89 (1H, br d, J = 8.8, OH), 2.10 2.15 (2H, m, 3 H, 
8 H), 3.70 3.81 (1H, m, 2 H);  
13C NMR:  δc 16.3 (C 7), 18.1 (
aC 9), 18.1 (
aC 10), 32.4 (C 6), 32.5 (C 5), 32.9 (C 8), 
45.0 (C 3), 76.6 (C 2), 85.6 (C 1), 88.7 (C 4) 
 
(± ± ± ±)-exo-4-Isopropyl-1-methyl-7-oxabicyclo[2.2.1]heptan-2-yl ethanoate 12a 
2 exo Hydroxy 1,4 cineole (5.00 g, 29.4 mmol), dry pyridine (13.9 g, 0.176 mol) and 
acetic anhydride (105 g, 1.03 mol) were dissolved in dry dichloromethane (50 mL) and 
heated under reflux for 20 hours.  The reaction was worked up by quenching with ice 
and extracting with dichloromethane.  The combined organic layers were washed with 
dilute  HCl  followed  by  5%  Na2CO3
  until  cessation  of  effervescence.    The 
dichloromethane layer was dried (Na2SO4) and evaporated to give a brown oil.  Silica 
gel chromatography (eluent hexane followed by hexane:ethyl acetate; 9:1) of the oil 
gave a very pale yellow oil (5.29 g, 85%).  (Found: M
+, 212.1412, C12H20O3 requires M, 
212.1412) 
1H NMR:  δH 0.97 (3H, d, J = 6.9, 9 H), 0.98 (3H, d, J = 6.8, 10 H), 1.39 (3H, s, 7 H ), 
1.45 1.64 (5H, m, 3 H, 5 H2, 6 H2), 2.07 (3H, s, 2′ H), 2.07 2.21 (2H, m, 5 H, 8 H), 
4.88 (1H, dd, J = 2.6, 7.3, 2 H); 
13C NMR:  δc 16.3 (C 7), 17.9 (C 9), 18.1 (C 10), 21.1 (C 2′), 31.3 (C 6), 32.5 (C 8), 
33.4 (C 5), 43.2 (C 3), 78.4 (C 2), 84.4 (C 1), 88.7 (C 4), 170.7 (CO);  
m/z 208 (M 4, 10%), 170 (13), 166 (58), 154 (15), 153 (62), 152 (34), 151 (29), 137 
(30), 127 (25), 125 (32), 124 (27), 112 (37), 111 (26), 110 (26), 109 (100), 97(20), 95 
(27);    55 
IR (cm
 1) 2964, 2877 (C H, str), 1740 (OCO, ester). 
 
(± ± ± ±)-exo-4-Isopropyl-1-methyl-7-oxabicyclo[2.2.1]heptan-2-yl butanoate 12b 
2 exo Hydroxy 1,4 cineole (3.00 g, 17.6 mmol) and dry pyridine (6.98 g, 88.2 mmol) 
were  dissolved  in  dry  dichloromethane  (25  mL)  and  cooled  in  an  ice water  bath.  
Butanoyl chloride (9.39 g, 88.2 mmol) was added dropwise from a pressure equalising 
funnel and the mixture stirred in an ice water bath for 4 hours and then at ambient 
temperature for a further 14 hours.  The reaction mixture was poured on to ice water 
and  the  organic  layer  separated.    The  organic  layer  was  washed  with  dilute  HCl 
followed by concentrated aqueous NH3 solution.  The organic layer was dried (Na2SO4) 
and the dichloromethane removed using a rotavap to give an orange oil.  The oil was 
chromatographed on a silica gel column (eluent hexane followed by 4% ethyl acetate in 
hexane) to give the ester 12b as a pale yellow oil (3.14 g, 74%).  (Found: M
+, 240.1729, 
C14H24O3 requires M, 240.1725) 
1H NMR:  δH 0.95 (3H, t, J = 7.4, 4′ H), .096 (3H, d, J = 6.8, 9 H), 0.98 (3H, d, J = 6.8, 
10 H), 1.38 (3H, s, 7 H), 1.43 1.73 (7H, m, 3 H, 5 H2, 6 H2, 3′ H2), 2.02 2.21 (2H, m, 
3 H, 8 H), 2.31 (3H, t, J = 7.3, 2′ H), 4.88 (1H, dd, J = 2.6, 7.2, 2 H);  
13C NMR:  δC 13.62 (C 4′), 16.32 (C 7), 17.91 (C 9
a), 18.12 (C 10
a), 18.47 (C 3′), 31.38 
(C 6), 32.45 (C 8), 33.50 (C 5), 36.30 (C 2′), 43.23 (C 3), 78.08 (C 2), 84.42 (C 1), 
88.73 (C 4), 173.38 (CO);  
m/z 240 (M, 6%), 170 (21), 154 (13), 153 (91), 152 (70), 137 (34), 127 (12), 125 (22), 
124 (38), 123 (12), 112 (23), 111 (13), 109 (100), 107 (13);  
IR (cm
 1) 2964, 2877 (C H, str), 1734 (OCO ester). 
 
 
   56 
(± ± ± ±)-exo-4-Isopropyl-1-methyl-7-oxabicyclo[2.2.1]heptan-2-yl hexanoate 12c 
The  2 exo hydroxy 1,4 cineole  (6.81  g,  40.0  mmol)  and  dry  pyridine  (4.75  g,  60.0 
mmol,  1.5  equiv.)  were  dissolved  in  dry  dichloromethane  (54  mL)  and  hexanoyl 
chloride (8.07 g, 60.0 mmol, 1.5 equiv.) in dry dichloromethane (11 mL) was added 
dropwise over 0.5 hours from a pressure equalising funnel. The mixture was heated 
under reflux for 5 hours.  The reaction mixture was cooled, the precipitate filtered and 
the  filtrate  concentrated  using  a  rotavap  to  give  a  dark  orange brown  oil.    Column 
chromatography of the oil over silica gel (eluent 5% ethyl acetate in hexane) gave the 
ester as a nearly colourless oil (7.65 g, 75%).  (Found: M
+, 268.2044, C16H28O3 requires 
M, 268.2038) 
1H NMR:  δH 0.89 (3H, t, J = 6.9, 6′ H), 0.96 (3H, d, J = 6.9, 9 H
a), 0.97 (3H, d, J = 6.9, 
10 H
a), 1.26 1.35 (4H, m, 4′ H2, 5′ H2), 1.38 (3H, s, 7 H), 1.42 1.53 (2H, m, 5 H, 6 H), 
1.55 1.66 (5H, m, 3 H, 3′ H2, 5 H, 6 H), 2.10 (1H, sept, J = 6.9, 8 H), 2.16 (1H, dd, J = 
7.2, 13.2, 3 H), 2.32 (3H, t, J = 7.7, 2′ H), 4.87 (1H, dd, J = 2.6, 7.2, 2 H); 
13C NMR:  δC 13.91 (C 6′), 16.37 (C 7), 17.96 (C 9
a), 18.17 (C 10
a), 22.32 (C 5′), 24.72 
(C 4′), 31.32 (C 3′), 31.43 (C 6), 32.49 (C 8), 33.53 (C 5), 34.46 (C 2′), 43.26 (C 3), 
78.14 (C 2), 84.47 (C 1), 88.79 (C 4), 173.66 (CO);  
m/z 268 (M, 4%), 170 (14), 153 (61), 152 (45), 137 (22), 125 (13), 124 (28), 109 (61), 
99 (100);  
IR (cm
 1) 2959, 2873 (C H, str), 1734 (OCO ester). 
 
(± ± ± ±)-exo-4-Isopropyl-1-methyl-7-oxabicyclo[2.2.1]heptan-2-yl 3,3-
dimethylbutanoate 12d 
 A solution of 2 exo hydroxy 1,4 cineole (6.85 g, 42.0 mmol) and dry pyridine (15.9 g, 
501 mmol, 5 equiv.) in dry dichloromethane (60 mL) was cooled in an ice water bath 
and 3,3 dimethylbutanoyl chloride (27.0 g, 501 mmol, 5 equiv.) in dry dichloromethane   57 
(35  mL)  was  added  dropwise  over  1  hour  from  a  pressure equalising  funnel.    The 
mixture  was  stirred  for  18  hours,  initially  in  ice water  slowly  warming  to  ambient 
temperature.  The reaction mixture was quenched with ice water, washed 3 times with 1 
M HCl, 5% Na2CO3 solution and finally cold dilute aqueous NH3 solution.  The organic 
layer was separated, dried (Na2SO4) and evaporated to give a red brown oil.  Column 
chromatography of the oil over silica gel (eluent hexane followed by 2% ethyl acetate in 
hexane) gave a pale yellow oil (6.61 g, 59%).  (Found: M
+, 268.2039, C16H28O3 requires 
M, 268.2038) 
1H NMR:  δH 0.96 (3H, d, J = 6.9, 9 H) 0.97 (3H, d, J = 6.9, 10 H), 1.03 (9H, s, 
C(CH3)3), 1.40 (3H, s, 7 H), 1.44 1.53 (1H, m, 3 H), 1.55 1.65 (4H, m, 5 H2, 6 H2), 
1.93 2.14 (1H, m, 8 H), 2.17, (1H, dd, J = 7.2, 13.2, 3 H), 2.22 (2H, s, 2′ H), 4.83 (1H, 
dd, J = 2.6, 7.2, 2 H); 
13C NMR:  δC 16.59 (C 7), 18.00 (C 9
a), 18.13 (C 10
a), 29.69 (C(CH3)3), 30.79 (C 3′),  
31.72 (C 6), 32.46 (C 8), 33.62 (C 5), 43.26 (C 3), 47.94 (C 2′), 78.22 (C 2), 84.32 (C 
4), 88.81 (C 1), 172.15 (CO);  
m/z 268 (M, 6%), 170 (21), 154 (18), 153 (100), 152 (65), 137 (30), 125 (20), 124 (45), 
109 (83), 99 (98);  
IR (cm
 1) 2960, 2874 (C H str), 1732 (OCO ester). 
 
(± ± ± ±)-exo-4-Isopropyl-1-methyl-7-oxabicyclo[2.2.1]heptan-2-yl benzoate 12e 
The  2 exo hydroxy 1,4 cineole  (6.03  g,  35.4  mmol)  and  dry  pyridine  (13.9  g,  176 
mmol, 5 equiv.) were dissolved in dry dichloromethane (50 mL) and cooled in an ice 
water bath.  Benzoyl chloride (24.8 g, 176 mmol, 5 equiv.) in dry dichloromethane (30 
mL) was added dropwise over 2 hours from a pressure equalising funnel. The mixture 
was stirred in an ice water bath for 6 hours and at ambient temperature for a further 16 
hours.  The reaction mixture was filtered under vacuum through a sintered glass funnel   58 
and the filtrate quenched with ice water.  The organic layer was washed with 1M HCl 
followed by 5% Na2CO3 solution and finally dilute aqueous NH3 solution.  The organic 
layer  was  dried  (Na2SO4)  and  the  dichloromethane  removed  on  rotavap  to  give  an 
orange oil which on standing formed crystals.  These crystals were recrystallised from 
ethanol to give white needles (8.35 g, 92%), m.p. 77 79°C.  (Found: (M+1)
+, 275.1643, 
C17H23O3 requires (M+1), 275.1647) 
1H NMR:  δH 1.00 (6H, d, J = 6.9, 9 H, 10 H), 1.48 (3H, s, 7 H), 1.54 1.71 (5H, m, 3 H, 
5 H2, 6 H2), 2.15 (1H, sept, J = 6.9, 8 H), 2.27 (1H, dd, J = 7.2, 13.0, 3 H), 5.10 (1H, 
dd, J = 2.4, 7.2, 2 H), 7.43 (2H, t, J = 7.6, 3′,5′ H), 7.56 (1H, t, J = 7.2, 4′ H), 8.03 8.12 
(2H, m, 1′,6′ H); 
13C NMR:  δC 16.54 (C 7), 18.04 (C 9
a), 18.13 (C 10
a), 31.71 (C 6), 32.45 (C 8), 33.68 
(C 5), 43.06 (C 3), 78.98 (C 2), 84.69 (C 4), 88.86 (C 1), 128.32 (C 3′, 5′), 129.68 (C 
2′, 6′), 130.32 (C 1′), 132.96 (C 4′), 166.24 (CO);  
m/z 275 (M+1, 77%), 274 (M, 17), 153 (100), 152 (41), 124 (11);  
IR (cm
 1) 3067 (Ar H), 2968, 2942, 2874 (C H, str), 1712 (OCO ester), 1600, 1581 
(aromatic). 
 
(± ± ± ±)-exo-4-Isopropyl-1-methyl-2-(2-methylbenzyloxy)-7-oxabicyclo[2.2.1]heptane 3 
2 exo Hydroxy 1,4 cineole (8.00 g, 47.0 mmol) and 2 methylbenzyl chloride (7.93 g, 
564 mmol, 1.2 equiv.) were dissolved in sodium dried tetrahydrofuran (250 mL) to 
which was added sodium hydride (1.70 g, 707 mmol, 1.5 equiv.) as 60% dispersion in 
mineral oil.  The mixture was heated under reflux for 15 hours, then cooled and poured 
on to ice.  The mixture was extracted with diethyl ether (3 × 150 mL) and the combined 
organic layers dried (Na2SO4) and evaporated using a rotavap to give a brown oil.  The 
oil was partially purified by vacuum distillation (bp. 144 155°C, 0.3 mm Hg).  The 
distillation fraction containing the required product was chromatographed over silica gel   59 
(eluent:  hexane followed by 5% ethyl acetate in hexane) to give the benzyl ether as a 
very pale yellow oil (7.59 g, 59%). 
1H NMR:  δH 0.97 (3H, d, J = 6.9, 10 H), 0.99 (3H, d, J = 6.9, 9 H), 1.40 1.64 (5H, m, 
3 H, 5 H2, 6 H2), 1.47 (3H, s, 7 H), 1.95 (1H, dd, J = 6.7, 12.1, 3 H), 2.11 (1H, sept, J = 
6.9, 8 H), 2.32 (3H, s, Ar CH3), 3.54 (1H, dd, J = 2.4, 6.7, 2 H), 4.36 + 4.54 (2H, AB 
system, J = 12.4, 1′ H), 7.11 7.20 (3H, m, Ar4 H, Ar5 H, Ar6 H), 7.30 7.35 (1H, m, 
Ar3 H) ; 
13C NMR:  δC 30.33 (C 6), 33.23 (C 5), 33.28 (C 4), 39.32 (C 3), 84.57 (C 2), 70.90 
(C 1′) 
 
Attempted linking of two 2-exo-hydroxy-1,4-cineole 5 molecules by an ether bond 
Dry ZnCl2 (0.273 g, 2.00 mmol) was added to a solution of 2 exo hydroxy 1,4 cineole 
(0.310 g, 1.82 mmol) dissolved in dry dichloromethane (10 mL) and the mixture stirred 
at  reflux  temperature  for  24  hours.    The  reaction  mixture  was  cooled,  diluted  with 
dichloromethane and washed with water followed by saturated brine.  The organic layer 
was dried (Na2SO4) and the solvent removed on rotavap to give a dark yellow oil.  TLC 
(eluent: chloroform) suggested six components as well as baseline material.  The crude 
material was subjected to radial chromatography (eluent: chloroform) to give a single 
component fraction (by TLC) containing a pale yellow oil (0.063 g) together with other 
fractions which were mixtures.  
1H and 
13C nmr spectra indicated the single component 
compound to be 3 isopropyl 6 methyl 2 hexenone 21. 
1H NMR:  δH 1.10 (6H, d, J = 6.9, 9, 10 H), 1.14 (3H, d, J = 6.7, 7 H), 1.63 1.74 (1H, 
m), 2.03 2.12 (1H, m), 2.28 2.45 (4H, m), 5.85 (1H, s, 2 H);  
13C NMR:  δC 15.17 (C 7), 20.55 (C 9
a), 20.86 (C 10
a), 27.31 (C 4), 31.08 (C 5), 35.56 
(C 8), 41.06 (C 6), 123.09 (C 2), 170.79 (C 3), 202.83 (C 1);    60 
(± ± ± ±)-endo-1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octan-6-ol 14 
A magnetically stirred solution of m chloroperbenzoic acid (77%) (3.32 g, 14.8 mmol) 
in dichloromethane (90 mL) was placed in a 250 mL round bottomed flask and cooled 
in an ice water bath.  A solution of α terpineol (2.00 g, 13.0 mmol) in dichloromethane 
(40 mL) was added dropwise from a pressure equalizing dropping funnel over 2 hours.  
Whilst  stirring,  the  reaction  mixture  was  allowed  to  come  to  room  temperature  (75 
minutes) and then Na2CO3 (1.02 g, 9.60 mmol) and Na2SO3 (2.55 g, 20.2 mmol) in 
water were added dropwise.  The reaction mixture was then stirred for a further 15 
minutes, the organic layer separated and the aqueous layer extracted with diethyl ether 
(2 × 40 mL).  The  combined organic extracts were dried (Na2SO4) and the solvent 
removed at room temperature using a rotavap to give a yellow oil.  The oil was partially 
separated on a column over silica gel (eluent chloroform:methanol; 9:1).  Subsequent 
chromatography,  over  silica  gel  (eluent  acetonitrile:chloroform;  2:23),  of  fractions 
identified  as  containing  the  desired  products  gave  a  fraction  containing  alcohol  19 
(0.024  g)  and  a  mixture  which  was  further  separated  on  silica  gel  column  (eluent 
hexane:ethyl acetate; 1:1) to give a fraction containing epoxide 18 (0.170 g, 8%) and a 
fraction containing alcohol 14 as a clear oil which was crystallized from hexane to give 
colourless needles (0.121 g, 5%), m.p. 65°C. 
For alcohol 14:  
1H NMR:  δH 1.10 (3H, s, 7 H ), 1.20  (3H, s, 9 H), 1.28 (3H, s, 10 H), 
1.26 1.37 (1H, m, 3 H), 1.46 1.61 (3H, m, 4 H, 6 H, OH), 1.84 2.03 (2H, m, 5 H, 6 H), 
2.04 2.08 (1H, m, 5 H), 2.45 2.58 (1H, m, 3 H),  3.68 3.78 (1H, m, 2 H);  
13C NMR:  δC 22.21 (C 5), 24.07 (C 7), 24.95 (C 6), 29.05 (C 9), 28.63 (C 10), 34.30 
(C 4), 34.63 (C 3), 71.15 (C 2), 72.53 (C 1), 73.46 (C 8).   61 
4  1,8-Cineole Metabolites from Bacterial Culturing 
4.1  Biotransformations of 1,8-Cineole 
 
As discussed in Chapter 3, 1,8 cineole lacks activated C H bonds, making it relatively 
chemically inert but oxidation of such bonds has been achieved by biological agents 
including bacteria, fungi and enzymes.  
 
The cytochrome P450 enzymes are an important group of terminal mono oxygenases 
that can insert oxygen into C H bonds  as well  as perform  a diverse  range of other 
reactions  including  N,  O  and  S dealkylations,  sulfoxidations,  peroxidations, 
epoxidations, deaminations, dehalogenations, and N oxide reductions
121.  Of relevance 
to this work are the P450 enzymes that hydroxylate a methylene group.  Cytochrome 
P450 enzymes using molecular oxygen put an oxygen atom into the C H bond of an 
alkane substrate, reducing the second oxygen atom to water.  Nicotinamide adenine 
dinucleotide (NADH) transfers an electron to the P450 enzyme, reducing it, which then 
donates the electron to molecular oxygen.  The activated oxygen can then insert an 
oxygen atom to give the C OH.  The reaction is represented in Figure 4.1. 
 
     R H     +     NADH     +     H
+     +     O2     →     R OH     +     NAD
+     +     H2O 
Figure 4.1:  Hydroxylation of an alkane with a cytochrome P450 enzyme system. 
 
The earliest of this type of enzyme identified was the bacterial P450cam hydroxylase, 
first isolated from Pseudomonas putida
122, which oxidises (+) camphor to the 5 exo 
hydroxy camphor (Figure 4.2).  P450 hydroxylase enzymes from other Pseudomonas 
bacteria that utilize the terpenes linalool and α terpineol as sole carbon sources have   62 
also  been  identified
123,  124.    Such  P450  enzymes  are  usually  characterised  by  high 
substrate specificity.  A P450 enzyme has also been isolated from Citrobacter braakii 
which  utilises  1,8 cineole  as  its  sole  carbon  and  energy  source  with  its  primary 
metabolite tentatively identified as a 2 hydroxy 1,8 cineole
125. 
 
O O
OH
(+) camphor 5 exo hydroxy camphor 
Figure  4.2:    (+) Camphor  and  its  metabolite  5 exo hydroxy camphor  obtained  from 
growth of Pseudomonas putida on (+) camphor. 
 
Many microbial organisms oxidise 1,8 cineole (and other terpenes).  Nishimura and co 
workers
126 report the transformation of 1,8 cineole 1 to the racemic alcohols 2 exo 
hydroxy 1,8 cineole,  3 exo hydroxy 1,8 cineole 7 and 3 endo hydroxy 1,8 cineole 15, 
and the ketones 2 oxo 1,8 cineole 10 and 3 oxo 1,8 cineole 6 by the fungus Aspergillus 
niger,  with  carbon  atoms  2  and  3  of  the  cineole  cyclohexane  ring  attacked  in 
approximately a 1:1 ratio.  The fungus Diplodis gossypina hydroxylates 1 to produce 2 
endo hydroxy 1,8 cineole  14  and  3 endo hydroxy 1,8 cineole  15  in  a  ratio  of 
approximately 5 to 1
127.  Pseudomonas flava and a Rhodococcus species (strain C1) 
when grown on 1 as sole carbon source give 2 endo and 2 exo hydroxy 1,8 cineole, 14 
and  16,  respectively,  the  ketone  2 oxo 1,8 cineole  10  and  the  keto  lactone  (R) 5,5 
dimethyl 4 (3’ oxobutyl) 4,5 dihydrofuran 2(3H) one  23  as  metabolites
128 130  but  the 
two species give different enantiomers of the 2 endo hydroxy 1,8 cineole.  Rasmussen 
et  al.
131  isolated  over  44  fungi  and  bacteria  capable  of  transforming  1,  including 
Novosphigobium subterranea which produces the metabolites 14, 16, 10, keto acid 22   63 
and 23.  The scheme outlined in Figure 4.3 shows the proposed pathway for degradation 
of 1 for these bacteria
130.  The fungus identified by Rasmussen et al.
131 metabolises 1 to 
3 hydroxy 1,8 cineole  and  3 oxo 1,8 cineole  as  well  as  the  compounds  with 
oxygenation  at  carbon  atom  2.    1,8 Cineole  has  also  been  reported  by  Liu  and 
Rosazza
132 to give 2 endo hydroxy 1,8 cineole as the only product when incubated with 
Bacillus  cereus,  and  Thauera  terpencia    also  oxygenates  1
133.    Interestingly,  the 
metabolites from growth of bacteria on 1 show initial attack at carbon atom 2 of the 
cyclohexane ring whilst fungal metabolites result from attack at both carbon atoms 2 
and 3.  A feature common to the hydroxylations of 1 by both fungi and bacteria is the 
predominance of the production of the endo alcohols, most likely due to steric effects of 
the 1,8 ether bridge limiting attack to the exo face of the molecule. 
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Figure  4.3:    Proposed  pathway  for  the  degradation  of  1,8 cineole by  Pseudomonas 
flava and a Rhodococcus species (strain C1)
130. 
 
   65 
Oxidised metabolites of 1,8 cineole have also been identified in the frass of a number of 
insect  species
134,  135.    These  metabolites  include  the  2 exo,  2 endo,  3-endo  and  9 
hydroxy compounds, 16, 14, 15 and 24, respectively, as well as the diol 25.  Ingestion 
of  1  by  koalas,  possums,  rabbits,  rats  and  humans  results  in  a  range  of  oxidation 
metabolites including the alcohols 7, 14-16, 24 and 26, diols 27, 28 and 29, carboxylic 
acids 30 and 31, the hydroxyl carboxylic acids 32 and 33 and the dicarboxylic acid 
34
136 142.  Those animals (koalas and possums) ingesting 1,8 cineole as part of their 
eucalypt diet are more likely to hydroxylate the cineole at methyl groups and at multiple 
sites whilst those that have evolved without 1,8 cineole as a natural part of their diet are 
more prone to mono oxygenate at a methylene group of the aliphatic cyclohexane ring.  
Miyazawa  and  co workers
143  and  Pass  et  al.
144  have  identified  cytochrome  P450 
enzymes from liver microsomes in the possum, koala, rat and human as responsible for 
catalysing the oxidation of 1 in these mammals.  Removal of 1 from these mammals via 
the kidneys is likely to be facilitated due to increased water solubility of the hydroxyled 
cineoles. 
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Cultures of plant cells from Catharanthus roseus
145 and Eucalyptus perriniana
146 grown 
on  1,8 cineole  produce  2   and  3 endo hydroxy 1,8 cineole.    Recovery  of  the 
glucopyranosides  of  these  alcohols  from  E.  perriniana  cell  cultures  suggests  the 
alcohols are intermediates in conversion of 1 to the glucopyranosides.  As for microbes, 
the products from culture of these plant cells in 1 show preference for the endo alcohols. 
 
4.2  Isolation of Bacterium and Growth Conditions 
 
A  bacterium  capable  of  metabolising  1,8 cineole  was  isolated  from  the  surface  of 
Eucalyptus kochii subspecies kochii leaves taken from trees growing in a plantation at 
Murdoch University South Street Campus, Perth, Western Australia.  The leaves were 
initially stirred in deionised water for 30 minutes and then left to stand a further 30 
minutes.  Aliquots (1.0 mL) of this ‘leaf water’ were placed in heat sterilised McCarthy 
bottles with a heat sterilised liquid carbohydrate free growth medium (4.0 mL) with the 
composition  in  deionised  water  as  shown  in  Table  4.1.    Unless  otherwise  stated, 
autoclave conditions for heat sterilisations were 103.4 kPa (121°C) for 30 minutes. 
 
The liquid growth medium was buffered at a pH of 7.0 with HEPES (10 mM) prior to 
heat sterilisation.  A solution of K2HPO4 and KH2PO4 was heat sterilised separately   67 
from  the  solution  containing  the  other  components  and  the  two  solutions  mixed  on 
cooling.  The heat sensitive vitamin solution was sterilised by filtration through a nylon 
membrane (pore size 0.2  m) and added to the cooled heat sterilised solution containing 
the other components.  The carbon source, heat sterilised 1,8 cineole, was added to the 
sterilised  mineral  salts  medium  just  prior  to  inoculation  to  give  a  1,8 cineole 
concentration of 0.5 g L
 1   
 
Table 4.1:  Composition of growth medium used for bacterial cultures 
Component  Concentration (g L
–1) 
ammonium sulfate (NH4)2SO4  1.0 
biotin   0.00002 
calcium chloride dihydrate CaCl2.2H2O  0.441 
copper(II) sulfate pentahydrate CuSO4.5H2O   0.0005 
iron(II) sulfate heptahydrate FeSO4.7H2O  0.0055 
magnesium sulfate heptahydrate MgSO4.7H2O   0.2462 
manganese sulfate tetrahydrate MnSO4.4H2O   0.001114 
pantothenic acid  0.001 
potassium dihydrogenphosphate KH2PO4  0.204 
potassium hydrogenphosphate K2HPO4  0.261 
sodium molybdate dihydrate Na2MoO4.2H2O  0.000967 
sodium sulfate Na2SO4  0.1 
thiamine hydrochloride  0.001 
zinc sulfate heptahydrate ZnSO4.7H2O  0.00108 
 
 
Bottles  were  incubated  on  a  shaker  (200  rpm)  at  28°C  until  growth  occurred  as 
indicated by turbidity (30 days).  Sterile agar plates (15 g L
 1 of agar) of the same 
composition  as  the  liquid  medium  [including  1,8 cineole  (0.5  g  L
–1)] were  streaked   68 
using  flame sterilised  steel  loops  with  these  liquid  cultures  and  incubated  at  28°C.  
Growth on the agar plates gave three or possibly four types of bacteria based on colour 
and colony size.  Single colonies of each were streaked on to agar plates using yeast (5.0 
g L
 1) as the carbon source and grown in at 20°C, 28°C and 35°C in the light.  Single 
colonies from each of these plates were inoculated into McCarthy bottles containing 
liquid medium (see Table 4.1) and 1,8 cineole (0.5 g L
 1) and incubated at 28°C on a 
shaker (200 rpm).  Each of the bacteria showed growth as evidenced by turbidity but 
only the fastest growing of these bacterial species was selected for further inoculation 
into  liquid media  and  the  subsequent  work.  To  ensure  a  single  strain  of bacterium, 
plates were again streaked from the fastest growing isolate and the plates incubated at 
28°C.    Single  colonies  (isolate  MUELAK1)  of  this  fastest  growing  organism  were 
inoculated into fresh sterile liquid growth medium (Table 4.1) (5 mL)  in McCarthy 
bottles and incubated on a shaker (200 rpm) at 28°C until turbidity was observed, with 
one of these cultures used to inoculated 5 further 4 mL aliquots of growth medium.  To 
accumulate  sufficient  batch  culture  to  obtain  metabolites  for  purposes  of 
characterisation, one of the 5 mL cultures was inoculated into a further 45 mL of sterile 
liquid growth medium (Table 4.1).  Once this culture had grown, aliquots (10 mL) of 
this were inoculated into 90 mL volumes of heat sterilised liquid growth medium.  This 
process was continued until sufficient batch culture was obtained for subsequent work 
(see Section 4.3).  Inoculations were at a ratio of 1:9 of bacterial culture to growth 
medium in conical flasks where the volume of liquid in the flask to flask size was in a 
ratio of 1:2.5 (e.g. 400 mL of liquid in a 1000 mL conical flask). 
 
Soil was also taken from beneath eucalyptus trees but attempts to culture bacteria with 
1,8 cineole as sole carbon source in growth media that had been slurried with the soil 
were unsuccessful.     69 
Extraction of Metabolites 
 
Aliquots (10 mL) of culture were acidified to pH 2 with sulfuric acid and extracted with 
diethyl  ether  (3  ×  10  mL),  the  combined  ether  extracts  being  dried  (Na2SO4)  and 
evaporated under reduced pressure at ambient temperature in a pear shaped flask.  The 
yellow brown  oil  was  taken  up  in  diethyl  ether  (1  mL),  transferred  to  a  vial  and 
evaporated in a warm (50°C) water bath.  The oil was then dissolved in ethanol (30  L) 
containing (+) camphor (0.1002 g L
 1) as an internal standard for gas chromatography. 
 
4.2.1  Growth of the Bacterium 
 
The culture was inoculated (10% v/v) into heat sterilised growth medium (Table 4.1) 
with  heat sterilised 1,8 cineole (0.5 g L
 1) as sole carbon source under sterile conditions 
and incubated at 28°C on a shaker (200 rpm).  The optical density, at a wavelength of 
540 nm, was measured for aliquots (10 mL) taken, aseptically, from the growth culture 
approximately every 3 hours.  These aliquots were extracted as described above.  This 
procedure was repeated a second time to assess reproducibility of the data.   
 
During  the  exponential  growth  phase  each  organism  reproduces  to  give  two  new 
organisms at constant intervals and the population at any time, t, can be determined 
from 
Nt = N0 × 2
n. 
Where  n ≡ the number of generations in time t, 
 N0 ≡ the initial population number, and 
  Nt ≡ the population at time t.   70 
The rate of growth during the exponential phase in a batch culture can be expressed as a 
function of the mean growth rate constant (k), the number of generations per unit time.  
The relationship is given by 
t
N N
t
n
k
t
301 . 0
log log 0 −
= =  
 
The  time  taken  for  the  population  of  the  bacterium  to  double,  known  as  the  mean 
generation time, g, is found using 
k
g
1
= . 
For this work the population numbers were assessed by optical density of the batch 
culture.  The rate of growth during the exponential growth phase for the bacteria is 
shown in Figure 4.4. 
 
 Applying the above method, under the growth conditions used in this work the mean 
generation time for the bacterium was 14.24 hours per generation for trial 1 and 11.06 
hours per generation for trial 2. 
 
The mean generation time can also be estimated from the gradient of the line of best fit 
for the exponential growth phase of the growth curve (Figure 4.4).  The relationship 
between the gradient and the population changes is given by 
0.301
gradient
  and  
log
gradient  =
 
 
= k
t
N
. 
 
This approach gave mean generation times of 13.81 hours per generation and 11.03 
hours per generation for trials 1 and 2, respectively.  Overall, the mean generation time 
is approximately 12.5 ± 1.5 days.   71 
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Figure 4.4:  Exponential growth phase for bacterium isolate MUELAK1 grown on 1,8 
cineole. 
 
4.2.2  Identification of Bacterial Isolate MUELAK1 
 
An internal fragment of 1448 base pairs of the 16S rRNA  gene was amplified and 
sequenced  (double  stranded  –  forward  and  reverse)  as  described  by  Yanagi  and 
Yamasato
147  for  isolate  MUELAK1  (Figure  4.5).    Phylogenetic  and  molecular 
evolutionary analyses were done using MEGA version 3.1
148.  Initially, a BLAST
149 
nucleotide base search service provided by the National Centre for Biotechnological 
Information (NCBI) was conducted to find the close relationships through sequence 
similarity.    This  indicated  MUELAK1  is  likely  to  belong  to  the  order 
Sphingomonadales, family Sphingomonadaceae and genus Sphingomonas.  Next, the 
16S rRNA sequences of species within the Sphingomonas genus were retrieved from 
the  GenBank  using  the  ENTREZ  facility  provided  by  the  NCBI  and  the  sequences 
aligned  using  the  ClustalW  program  in  the  Wisconsin  package  of  the  Genetics   72 
Computer Group (Madison, WI, U.S.A.).  The DNAdist program was used to produce a 
Kimura  2  parameter
150  distance  matrix  for  the  sequences.    This  algorithm  does  not 
underestimate the true distance between distantly related species as it assigns different 
values to transitions and transversions.   From  this distance data  a phylogenetic tree 
(Figure 4.6) was constructed using the NEIGHBOUR program through the neighbour 
joining  method
151.    These  procedures  reveal  MUELAK1  to  be  99.6%  similar  to 
Sphingomonas capsulata with a difference of 2 gaps and 5 nucleotide changes. 
 
TCAGAACGAACGCTGGCGGCATGCCTAACACATGCAAGTCGAACGAACCCT
TCGGGGTTAGTGGCGCACGGGTGCGTAACGCGTGGGAATCTGCCCTTTGCTT
CGGAATAACAGTTAGAAATGACTGCTAATACCGGATGATGACTTCGGTCCA
AAGATTTATCGGCAAAGGATGAGCCCGCGTAGGATTAGGTAGTTGGTGGGG
TAAAGGCCTACCAAGCCGACGATCCTTAGCTGGTCTGAGAGGATGATCAGC
CACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGG
GAATATTGGACAATGGGCGCAAGCCTGATCCAGCAATGCCGCGTGAGTGAT
GAAGGCCTTCGGGTCGTAAAGCTCTTTTACCAGGGATGATAATGACAGTAC
CTGGAGAATAAGCTCCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGA
GGGAGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGTT
ACTCAAGTCAGAGGTGAAAGCCCGGGGCTCAACCCCGGAACTGCCTTTGAA
ACTAGGTGACTGGAATCTTGGAGAGGCGAGTGGAATTCCGAGTGTAGAGGT
GAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAGGCGACTCGCTGGA
CAAGTATTGACGCTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGAT
ACCCTGGTAGTCCACGCCGTAAACGATGATAACTAGCTGTCCGGGCACTTG
GTGTTTGGGTGGCGCAGCTAACGCATTAAGTTATCCGCCTGGGGAGTACGG
TCGCAAGATTAAAACTCAAAGGAATTGACGGGGGCCTGCACAAGCGGTGGA
GCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCCTTTGACATC  73 
CCGCGCTATATCGAGAGATCGATAGTTCCTTTCGGGGACGCGGTGACAGGT
GCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCA
ACGAGCGCAACCCTCGTCCTTAGTTGCCAGCATTAAGTTGGGCACTCTAAGG
AAACTGCCGGTGATAAGCCGGAGGAAGGTGGGGATGACGTCAAGTCCTCAT
GGCCCTTACAGGCTGGGCTACACACGTGCTACAATGGCGGTGACAGTGGGC
AGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCGTCTCAGTTCGGATT
GTTCTCTGCAACTCGAGAGCATGAAGGCGGAATCGCTAGTAATCGCGGATC
AGCATGCCGCGGTGAATACGTTCCCAGGCCTTGTACACACCGCCCGTCACA
CCATGGGAGTTGGATTCACTCGAAGGCGTTGAGCTAACCCGCAAGGGAGGC
AGGCGACCACAGTGGGTTTAGCGACTGGGGTGAAGTCGTAACAAGGTAGCC
GTAGGGGAACCTGCGGCT 
Figure 4.5 The sequence for the 16S rRNA gene of bacterial species MUELAK1 used 
for obtaining 2 endo hydroxy 1,8 cineole 
 
Phenotypic characteristics 
Colonies of MUELAK1 grown at 22°C, 28°C and 35°C on blood, yeast (5 g L
 1) and 
1,8 cineole (0.5 g L
 1) agar plates were domed, shiny, pale grey off white in colour and 
circular.  The colonies were approximately 2 mm in diameter after 24 hours at 28°C 
growth  on  agar  with  yeast  (5  g  L
 1)  as  the  carbon  source.    The  bacteria  are  gram 
negative, ovoid and non motile, consistent with the order Sphingomonadales and family 
Sphingomonadaceae.    MUELAK1  was  isolated  on  eucalypt  leaves,  which  is  also 
consistent  with  sphingomonads  which  have  been  isolated  from  land  and  aquatic 
habitats, as well as from plant root systems, and human made environments.  Some 
sphingomonads can cause human disease
152 154.  They degrade natural and xenobiotic 
compounds including polyaromatics, furans, dioxins, polyethylene glycols and different   74 
herbicides and pesticides
155 157 and have biosynthetic applications for polysaccharides 
like gellan, welan and rhamsan
158 161. 
 
 
Figure 4.6 Phylogenetic tree showing relationships of novel isolate MUELAK1 within 
the genus Sphingomonas.  (
T – type strains). 
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4.2.3  Identification of Bacterial Metabolites 
 
Other  than  the  2 endo hydroxy 1,8 cineole  14,  metabolites  were  not  extracted  but 
identified in situ from gas chromatography mass spectral data.  Their identities were 
determined  by  comparison  of  the  generated  mass  spectra  to  those  in  a  NIST  Mass 
Spectral Library.  The percentage match from these library comparisons are given in 
Table  4.2.    The  initial  gas  chromatograph mass  spectra  used  for  assessing  the 
metabolites extracted over the life cycle of the bacterium was obtained on an Agilent 
6890  series  GC  System  mass  spectra gas  chromatograph  equipped  with  a  flame 
ionisaton  detector.    The  chromatograph  was  fitted  with  a  capillary  column  Agilent 
model number 122 5532, DB 5ms 30 m × 0.25 mm i.d. and film thickness of 0.25  m.  
The conditions used for the chromatograph were: 
•  initial column conditions:  50°C and 5 min 
•  rate of temperature increase:  5°C min
 1 
•  final column conditions:  300°C and 15 min. 
This gave a total analysis time of 70 minutes.  The injection and detector temperatures 
were both 300 °C.  The carrier gas was helium with an initial flow rate of 1.0 mL min
 1 
and splitting ratio was 40:1.   
 
The NIST98 library available on the software compatible with the Agilent machine did 
not contain the keto acid 22 or the keto lactone 23 so to provide access to a NIST 
database with these compounds further gas chromatography mass spectral data were 
obtained on a Shimadzu GCMS 2010S.  The chromatograph was equipped with a flame 
ionisation detector and fitted with a capillary column model SGE BPX5 30 m × 0.25 
mm i.d. and film thickness of 0.25  m.  The conditions used for the chromatograph 
were:   76 
•  initial column conditions:  80°C and 5 min 
•  rate of temperature increase:  5°C min
 1 
•  temperature 2:  250°C 
•  rate of temperature increase: 50°C min
 1 
•  final column conditions: 300°C and 14 min. 
 
Table 4.2:  National Institute of Standards Technology Library matches for 1,8-
cineole, camphor, metabolites and other relevant compounds found in the sampled 
MUELAK1  bacterial  growth  cultures.    (All  on  NIST98  library  except  5,5-
Dimethyl-4-(3’-oxobutyl)-dihydrofuran-2(3H)-one which was identified on NIST05 
library) 
Compound  % Match 
Camphor  98 
1,8 Cineole  95 
2 endo-Hydroxy 1,8 cineole  97 
2 exo-Hydroxy 1,8 cineole  94 
2 Oxo 1,8 cineole  96 
5,5 Dimethyl 4 (3’ oxobutyl) dihydrofuran 2(3H) one  86 
3 Hydroxy 1,8 cineole  97 
3 Oxo 1,8 cineole  64 
 
 
The quantities of 1,8 cineole 1 and metabolites from growth of the bacteria on 1,8 
cineole, relative to the internal standard camphor,  and the changes in the population of 
the bacteria (as measured by optical density) can be seen in Figure 4.8.  The amount of 
1 decreased rapidly 63 hours after starting incubation, approximately coinciding with   77 
the onset of the exponential growth phase.  It should be noted that the volatility of 1 
reduces the reliability of the values for its quantity as demonstrated by the increase in 1 
at 18 hours.  The concentration of the primary metabolite 14 began increasing at 63 
hours  reaching  its  maximum  at  66  hours  after  incubation  started.    The  secondary 
metabolite 2 oxo 1,8 cineole 10 appeared and maximised over this same time frame.  
The formation of the metabolite 2 exo hydroxy 1,8 cineole 16 lagged that of 10 and 14, 
appearing at 66 hours and maximising at 72 hours.  Others
128,  131 have observed the 
same  sequence  of  appearance  of  these  metabolites  and,  as  originally  reported  by 
Carman et al.
128, this suggests 14 is the primary metabolite which in turn is converted to 
the ketone 10 with at least some of 10 then transformed to the exo alcohol 16 rather than 
it being a direct product from metabolism of 1.  It is likely 16 is reduced back to 10 
which is further metabolised.  The keto lactone 23 was also identified but the precursor 
to this, the keto acid 22 which has been identified as a metabolite from other organisms 
grown on 1,8 cineole
130,  131, was not detected  at any  of the times sampled over the 
growth cycle.  This is likely a result of acidification of the sampled aliquots in the 
extraction process (see above p.69).  The acidic environment will promote the loss of 
water to convert 22 to 23 as illustrated by the scheme in Figure 4.7.  
 
The appearance of secondary metabolites at the same time as or very soon after the 
primary metabolite suggests that the one operon transcribes for the enzymes that oxidise 
1,8 cineole and each successive metabolite.  If different operons were involved at each 
oxidative step it would be thermodynamically advantageous to the bacterium to first 
synthesise  the  enzyme  responsible  for  the  metabolism  of  1,8 cineole  to  the  primary 
metabolite  and  when  it’s  concentration  increased  sufficiently  (and  the  1,8 cineole 
concentration was sufficiently reduced) this would signal the bacterium to disassemble 
the first enzyme and form the one needed for the next oxidation step and so on for each   78 
subsequent oxidation.  If this were the process by which the metabolism of the 1,8 
cineole proceeded the concentrations of the metabolites resulting from each oxidative 
step would cycle to a maximum and then reduce to a minimum sequentially. 
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Figure 4.7:  Proton catalysed conversion of keto acid 22 to the keto lactone 23.   79 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8:  Concentrations of 1,8 cineole and metabolites over the growth cycle of the 
bacteria MUELAK1 grown on 1,8 cineole as carbon source.  The concentrations are 
relative to the internal standard camphor.
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The  gas chromatography mass  spectrum  (gc ms)  for  the  heat sterilised  1,8 cineole 
showed presence of the oxidation products 2  and 3 oxo  and 2  and 3 hydroxy 1,8 
cineole.  A gc ms for the 1,8 cineole (from the same source but not sterilised in the 
autoclave) showed none of these oxidation products suggesting the high temperature, 
high  pressure  and  wet  environment  of  the  autoclave  has  the  potential  to  oxidise  1.  
Whilst  the  initial  concentration  of  these  compounds  was  less  than  1%  prior  to  the 
exponential growth phase, gc ms of the aliquots taken from the culture medium at 87, 
90 and 108 hours after incubation (i.e. after the exponential growth phase) did not show 
the presence of these oxygenated cineole derivatives thus indicating possible utilisation 
by  the  bacteria.    This  suggests  the  bacteria  have  the  capacity  to  utilise  1,8 cineole 
compounds that are oxygenated at carbon atom 3 as well as at carbon atom 2. 
 
4.3  Twenty Litre Culturing to obtain 2-endo-1,8-Cineole 14 
 
Sufficient  2 endo hydroxy 1,8 cineole  14  for  herbicidal  testing  was  prepared  by 
incubating bacteria with 1,8 cineole (0.5 g L
 1) as sole carbon source on a large scale in 
a  20  L  opaque  plastic  bucket.    The  bucket,  immersion  heater,  aquarium  sparge, 
mechanical stirring blade and all other parts were rinsed with 2% sodium hypochlorite 
solution followed by deionised water prior to use but other than this the growth medium 
and  1,8 cineole  were  not  sterilised.    An  immersion  heater  was  used  to  control  the 
temperature and an aquarium sparge connected to a pump was lowered into the culture 
medium  for  aeration.    The  air  passed  through  a  cotton  wool  filter  followed  by  a  2 
micron  nylon  filter  and  finally  a  bubbler  containing  1,8 cineole  before  entering  the 
growth medium to prevent its volatilisation from the medium.  Without this bubbler 1,8 
cineole  was  removed  from  the  culture  medium  by  the  air  flow.    The  medium  was 
mechanically stirred by a paddle lowered into the medium through a hole in the centre   81 
of  the  bucket  lid.    Figure  4.9  shows  the  system  used  to  conduct  these  large  scale 
preparations.  Although sterile conditions were not used, inoculation of the culture from 
these systems on to agar plates of the same growth medium and using 1,8 cineole as 
sole carbon source showed only one type of bacterial colony. 
 
Growth  medium  (18  L)  with  an  initial  1,8 cineole  concentration  of  0.5  g  L
 1  was 
inoculated with culture (prepared as described in Section 4.2 on pp.66 69)  (2 L) and 
incubated at 32 35°C for 7 days until the concentration of the primary metabolite 2 
endo hydroxy 1,8 cineole  was  estimated  to  be  maximised  as  assessed  by  gas 
chromatography against a standard.   
 
Workup involved acidification with concentrated sulfuric acid to pH 2 to lyse cells, 
addition of sodium hydroxide pellets to return the solution to a pH of 7 followed by 
addition of crude sodium chloride.  These measures reduced the extent to which an 
emulsion formed between the culture medium and the ethyl acetate used for extraction.  
The  combined  ethyl  acetate  extracts  were  dried  (Na2SO4)  and  evaporated  to  give  a 
brown orange oil.  The oil was Claisen distilled to give 2 endo hydroxy 1,8 cineole as a 
white  crystalline  solid,  m.p.  95°C  (Lit.  98°C
117,  96 98°C
129,  94°C
132).    The  optical 
rotation was  [ ]
C 20
D
o
α +22.3° (c  = .026  g mL
 1 in chloroform) (Lit. [α]D +33°
129, [α]D 
+27.5°
130).  The 
1H nmr for this metabolite was as reported for 2 endo hydroxy 1,8 
cineole (see Chapter 3). 
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Figure  4.9:    Twenty  litre  culturing  system  for  preparation  of  2 endo hydroxy 1,8 
cineole in quantities needed for herbicidal bioassays. 
 
The stage at which growth of the bacteria produced the maximum quantity of the target 
primary metabolite 2 endo hydroxy 1,8 cineole 14 was determined by carrying out gas 
chromatography  on  aliquots  from  culture  media  taken  over  the  growth  cycle  of  the 
bacteria.  Suitable gas chromatographic conditions and retention time were determined 
using 14 prepared as described in Chapter 3.   
 
Gas chromatography for assessment of the 2 endo hydroxy 1,8 cineole content in its 
large  scale  preparations  was  carried  out  on  a  Hewlett Packard  5890  series  II  gas 
chromatograph  equipped  with  a  flame  ionisation  detector.    The  chromatograph  was 
fitted with a non polar DB 1 (J & W number 125 1035) 30 m × 0.53 mm i.d. column 
coated with 100% dimethylpolysiloxane with a stationary phase thickness of 5 micron.  
The conditions used for the chromatograph were: 
•  initial column conditions:  50°C for 5 min 
•  rate of temperature increase:  5°C min
 1 
Air filters 
Cineole bubbler 
Mechanical stirrer 
Condenser 
Air line   83 
•  final column conditions:  250°C for 15 min. 
This gave a total analysis time of one hour.  The injection and detector temperatures 
were both 300°C.  The carrier gas was helium and a flow rate of 2.5 mL min
 1 was used.  
The splitting ratio was 40:1.  Air and hydrogen flow rates were 250 ml min
–1 and 30 ml 
min
–1, respectively.  The chromatograms were recorded and processed by a Varian 4270 
integrator. 
 
An internal standard of (+) camphor was used to provide a quantitative assessment of 
the amount of 14 present at the various stages of growth.  The internal standard (at a 
concentration of 0.1002 g L
 1) was added in the ethanol used to dissolve the metabolites 
after  extraction.    An  internal  standard  was  necessary  because  the  sampling  and 
extraction procedures were not sufficiently quantitative to give a reliable assessment of 
the quantity of metabolite relative to 1,8 cineole.  Monitoring the increase in 14 against 
decrease  in  1,8 cineole  lacked  reproducibility  because  vaporisation  of  1,8 cineole 
during workup left variable amounts.  As well, the initial concentration of 1,8 cineole in 
the 20 L batch cultures could not reliably be assumed to be 0.5 g L
 1 because the air 
flow into the batch medium contained 1,8 cineole vapours.  The ratio of the peak areas 
for 14 to the (+) camphor were followed over the course of the growth of the bacteria 
and the stage where this ratio was maximised identified. 
 
A linear response by the gas chromatography column to the concentration of 2 endo 
hydroxy 1,8 cineole  14  was  confirmed  by  running  gas  chromatograms  on  ethanolic 
solutions of synthetic 14 at various concentrations.  The internal standard (concentration 
0.1002 g  L
 1) was present in the ethanolic solutions.  (R
2 for the plot of peak  area 
against concentration of 14 was 0.99).  Further, the linearity of the relationship between   84 
the (+) camphor and 14 was demonstrated by plotting the peak area ratio of the two 
substances against the concentration of 14 (R
2 of 0.99).   85 
5  Herbicidal  Assessment  of  the  Cineoles  and  their 
Derivatives 
5.1  General Introduction 
5.1.1  Weed Management 
There are various definitions for weeds with most centred on plants growing where they 
are unwanted and potentially interfering with human activity and cultivated plants.  This 
broad definition is the one used in this thesis.   
 
A major impact of weeds in agricultural systems is reduced crop yields as a result of 
strong  competition for space, nutrients and sunlight
162,  163.  There is also increasing 
concern about reduction in biodiversity in natural areas of vegetation as weeds invade.  
These and other negative impacts of weeds necessitate their management.  Prior to the 
mid twentieth  century  strategies  to  manage  weeds  were  primarily  non chemical, 
categorised  as  either  mechanical  or  cultural
164.    Mechanical  methods  include  hand 
weeding,  tillage  practice,  mowing,  mulching  and  burning  whereas  cultural  practices 
include crop rotation, cover or green manure crops and manipulation of sowing times 
and crop density.  Mechanical weed control methods such as harrowing and interrow 
hoeing together with cultural methods like fertilizer placement, seed vigour, seeding 
rate  and  competitive  varieties  provide  encouraging  results  but  long term  solutions 
require interactions among system components and agricultural practices occurring in 
the present crop, subsequent crop and in between cropping phases to be considered
165. 
These approaches are ecologically sustainable but can be labour intensive and may not 
provide  the  level  of  weed  control  needed  to  give  sufficient  crop  yields.    As 
understanding of ecosystems has developed, biological control agents have been used   86 
but are usually targeted at a particular species, can be slow to give an acceptable level of 
control and usually are not applicable to cropping systems.   
 
In the latter half of the twentieth century, weed management relied much more heavily 
on herbicides, being generally easier to use, giving a more effective kill rate of target 
species and having reduced labour requirements.  Their application, however, is not 
without drawbacks.  They can leave toxic residues in the soil which have a detrimental 
effect  on  non target  organisms,  from  microbes  through  to  vertebrates,  with  the 
subsequent indirect ecological problems that can flow from loss of these non target 
organisms.    There  are  also  concerns  about  possible  impacts  on  human  health  from 
residues that may be present in foods exposed to these chemicals.     
 
There  is  an  emerging  trend  to  develop  weed  management  strategies  that  do  not 
compromise  the  sustainability  of  agroecosystems  and  natural  ecosystems
166.    An 
integrated approach is required for sustainable weed management.  Thill et al.
167 defined 
this as an integration of effective, environmentally safe, and socially acceptable control 
tactics that reduce weed interference below the economic injury level.  Elements in this 
approach include plant breeding, fertilisation, cropping patterns, soil management, and 
mechanical, biological and chemical weed control.  Considering weeds in the broader 
ecological  context  required  in  integrated  management  results  in  a  wider  range  of 
practices which minimises chemical inputs preserving their effectiveness and reducing 
their associated problems referred to earlier
168. 
 
In  cropping  practices  that  include  tillage  prior  to  seeding,  application  of  a  pre 
emergence  herbicide  may  be  beneficial  during  the  early  stages  of  a  crop’s  growth.  
Traits particularly desirable in pre emergence herbicides include a short soil half life,   87 
degradation products not harmful to the crop and not leaving residues in the food.  The 
1,8  and 1,4 cineole derivatives prepared in this work are expected to have relatively 
short  environmental  half lives  and  degradation  products  that  are  non toxic  to  the 
environment, although this would need to be confirmed by application to soils under 
appropriate conditions and subsequent sampling of the soil and testing for residues.   
 
Another well documented problem that has emerged from chemical weed control is the 
development  of  herbicide  resistance  in  weed  species
169.    Two  important  herbicide 
resistant  weed  species  are  wild  oats  (Avena  fatua)  and  annual  ryegrass  (Lolium 
rigidum).  Canadian surveys have revealed the extent of resistance in wild oats to acetyl 
coenzyme  A  carboxylase  (ACCase)  herbicides  and  acetolactate  synthase  (ALS) 
inhibitors
170 172.    Globally  resistance  to  ALS  inhibiting  herbicides  is  the  most 
common
173.    In  Australia,  Heap  and  Knight
174  first  reported  a  ryegrass  population 
tolerant to the ACCase herbicide diclofop methyl in South Australia in 1982.  Reports 
of  resistance  to  aryloxyphenoxypropionate  type  herbicides,  cyclohexanedione  type 
herbicides, ALS herbicides, trazine type herbicides, dintroaniline and glyphosate type 
herbicides  in  ryegrass  samples  taken  across  the  Australian  wheat  belt  have  since 
followed
175.  In a 2003 survey of ryegrass in Western Australia by Owen et al.
176, 68% 
of the populations showed resistance to the ACCase herbicide diclofop methyl and 88% 
to the ALS inhibitor sulfometuron.  There was a 20% increase in resistance levels in the 
same agronomic zone compared to five years earlier and 64% of the populations had 
multiple resistances to these herbicides.   
 
One strategy to combat the development of resistance to herbicides is to discover or 
develop compounds with new modes of action.  Phytotoxic compounds derived from 
natural products exhibit novel modes of action
177, 178 and so offer a potential source of   88 
herbicides.  It should not be surprising that there are natural products with phyotoxicity.  
Many organisms have evolved compounds to inhibit growth of, or facilitate attack and 
digestion  of  plants  that  are  potential  competitors.    The  triketone,  bialaphos  and 
glufosinate  herbicides,  derived  from  natural  products,  have  novel  phytotoxic 
mechanisms  not  previously  seen  in  synthetic  herbicides
177.    The  triketone  herbicide 
mesotrione 35 was developed from the allelochemical leptosopermone 36 found in the 
roots of the bottle brush Callistemon citrinus
179.  It is a bleaching herbicide that inhibits 
the enzyme p hydroxyphenolpyruvate dioxygenase
180.   
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Romagni  et  al.
34  suggested  that  the  mechanism  of  action  of  the  1,4 cineole derived 
herbicide cinmethylin involved inhibition of the enzyme asparagine synthetase but this 
may  not  be  the  case  as  attempts  to  reproduce  the  original  work  have  proved 
unsuccessful
35.  Earlier work by El Deek and Hess
181 indicated cinmethylin reduced 
growth by a novel mitosis impairing mechanism.  Romagni et al.
33 observed that 1,8 
cineole inhibited germination in the weeds barnyard grass (Echinochloa crusgalli) and 
sicklepod  (Cassia  obtusifolia)  but  1,4 cineole  inhibited  their  growth  only  at  high 
concentrations with an increase in germination at low doses suggesting the two cineoles 
have different modes of action.  It was observed that 1,4 cineole inhibited only the 
prophase of mitosis but 1,8 cineole inhibited all stages of mitosis.  Cells treated with 
1,8 cineole were mainly in interphase with only a small number at any stage of mitosis.    89 
Observations  of  lateral  root  growth  in  Arabidopsis  thaliana,  when  exposed  to 
cinmethlyin, caused Baum and co workers
182 to conclude that because the nature of 
lateral root production stimulated by cinmethylin differed from that of indoleacetic acid 
and the synthetic auxin herbicide 2,4 dichlorophenoxyacetic acid its mode of action is 
not similar to auxin.  They further concluded that lateral root growth was not due to 
chemical wounding of the root tip because cutting off the root tip gave a different type 
of lateral root production from that stimulated by treatment of roots with cinmethylin.  
1,8 Cineole reduced the mitotic index and inhibited DNA synthesis in nuclei and other 
organelles in the root apical meristem of Brassica campestris
183.  The mode of action of 
cineoles is still unclear and could be novel thus leading to new herbicides that can be 
useful in combating weeds resistant to current herbicides.   
 
The work described in this chapter involves pre  and post emergence herbicidal assays 
for  1,8 cineole,  high cineole  eucalyptus  oil  and  the  1,8 cineole  and  1,4 cineole 
derivatives prepared as described in Chapters 3 and 4.  The compounds have potentially 
novel modes of action and the nature of their functional groups in the derivatives is 
likely to result in a short environmental half life.   
 
5.2  Results and Discussion 
 
5.2.1  Data Analyses 
 
A large number of bioassays were undertaken to obtain an indication of their herbicidal 
activity and possible trends.  Twenty two and twenty compounds were tested for pre 
emergence  activity  against  radish  (Raphanus  sativus  var.  Long  Scarlet)  and  annual 
ryegrass (Lolium rigidum), respectively, in which percent germination, shoot length and   90 
root length were measured.  Based on the results of these initial bioassays, repeat pre 
emergence bioassays were conducted for eleven of the compounds tested against the 
radish and twelve of the compounds tested against the ryegrass (Tables 5.1 and 5.2, 
respectively).    Post emergence  bioassays  where  increases  in  shoot  length  and  root 
length were measured were conducted for twelve compounds against the radish and the 
ryegrass.  All twelve of the post mergence bioassays against radish were repeated and 
ten of the post emergence bioassays were repeated for ryegrass (Tables 5.3 and 5.4, 
respectively).  All bioassays  were carried out with solvent and non solvent controls 
under  standard  conditions  (see  Section  5.3  Experimental).    Each  measurement  was 
expressed as a percentage of the mean of the solvent control.  Data from these bioassays 
were  subjected  to  one  way  analysis  of  variance  (ANOVA),  using  the  SPSS  15.0 
statistics package (SPSS Inc., 2007).  Means were considered to be statistically different 
at the P = 0.05 level. 
 
To  facilitate  comparison  of  results  for  herbicidal  bioassays,  Seefeldt  et  al.
184  have 
suggested equation [4.1] is an appropriate model for analysing most herbicide dose 
response  relationships.    The  mathematical  expression  giving  the  typically  sigmoidal 
relationship between the response, y, and dose, x, is   
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where C ≡ lower limit of plant response  
  D ≡ upper limit of plant response 
  b ≡ slope around I50 
  I50 ≡ dose giving 50% response. 
An advantage of this equation is that its parameters have biological significance.  The 
upper limit D corresponds to the mean response of the control whilst the response at   91 
very high doses of the test substance corresponds to the lower limit C.  The slope of the 
curve around the I50 is represented by the parameter b.  Variables the I50 response may 
reflect include the dose at which 50% of a treated population dies, or there is a 50% 
reduction in root or shoot growth in treated plants, or 50% reduction in dry weight of 
plants, or 50% reduction in germination rate as compared to controls.  For the work 
presented in this thesis, the 50% responses were for percentage germination, and root 
and shoot lengths as compared to the solvent controls. 
 
Modelling pre emergence bioassay dose response data for germination, root length and 
shoot length to equation [4.1] was carried out using non linear log logistic regression 
analysis.  For each tested substance estimates for the values of D, C, b and I50 were 
made from plots of concentration against percent of mean of control for germination, 
root length and shoot length.  Using the SPSS 15.0 statistics package (SPSS Inc., 2007) 
these estimates were used to predict the curve of best fit for the data and provide an 
estimate of the I50 for germination, root and shoot lengths for both plant species for each 
compound.  Post emergence bioassays were similarly modelled using non linear log 
logistic regression analysis for increases in shoot length and root length.  Estimated 
values of D and C were based on values from pre emergence bioassays and estimates 
for I50 and b were taken from plots of concentration against percent of mean of control 
for increases in root and shoot lengths.     
 
Reproducibility  of  the  bioassay  methodology  was  shown  by  the  absence  of  any 
statistical difference (at  the P = 0.05 level) between the 11 and 12 repeats for pre 
emergence  bioassays  for  the  long  scarlet  radish  and  annual  ryegrass,  respectively, 
(Tables 5.1 and 5.2).  Two tailed t tests comparing root length, shoot length and percent 
germination for repeated bioassays showed no statistical differences.  This also supports   92 
the  hypothesis  that  the  seeds  used  were  random  samples  drawn  from  the  same 
population.    The  high  P  values  show  good  reproducibility  with  the  lowest  level  of 
agreement for radish repeats in the shoot lengths of 2 exo hexoxy 1,4 cineole (P = 0.12, 
Table 5.1), and for ryegrass repeats in root lengths of eucalyptus oil (P = 0.14, Table 
5.2). 
 
Two tailed t tests for the post emergence bioassays indicated no significant difference 
between repeats (at P = 0.05) except for radish shoot length for the 3 oxo 1,8 cineole (P 
= 0.0043), and for the ryegrass root length for this same compound (P = 0.0041) (Tables 
5.3 and 5.4). 
 
Table 5.1:  Two-tailed t-test repeat comparison for the pre-emergence herbicidal 
bioassays for radish 
  P values for two-tailed t-test comparing repeats 
Compound  Root length  Shoot length  Germination 
Acetic acid  0.69  0.97  0.90 
Benzoic acid  0.64  0.74  0.96 
Hexanoic acid  0.60  0.91  0.82 
1,8 Cineole  0.60  0.75  0.92 
Eucalyptus oil  0.31  0.45  0.59 
3 exo Hydroxy 1,8 cineole  0.42  0.45  0.84 
3 exo Benzoxy 1,8 cineole  0.93  0.75  0.60 
2 exo Hydroxy 1,4 cineole  0.39  0.77  0.99 
2 exo Acetoxy 1,4 cineole  0.84  0.81  0.87 
2 exo Hexoxy 1,4 cineole  0.98  0.12  0.56 
Cinmethylin  0.81  0.81  0.89   93 
Table 5.2:  Two-tailed t-test repeat comparison for the pre-emergence herbicidal 
bioassays for ryegrass 
  P values for two-tailed t-test comparing repeats 
Compound  Root length  Shoot length  Germination 
Benzoic acid  0.59  0.64  0.96 
Hexanoic acid  0.95  0.68  0.84 
t Butylacetic acid  0.83  0.85  0.77 
1,8 Cineole  0.70  0.86  0.71 
Eucalyptus oil  0.38  0.14  0.66 
3 exo Hydroxy 1,8 cineole  0.84  0.30  0.89 
3 exo Hexoxy 1,8 cineole  0.74  0.74  0.95 
3 exo t Butylacetoxy 1,8 cineole  0.72  0.90  0.99 
2 exo Hydroxy 1,4 cineole  0.65  0.40  0.88 
2 exo Acetoxy 1,4 cineole  0.98  0.89  0.73 
2 exo Benzoxy 1,4 cineole  0.90  0.86  0.87 
2 exo Hexoxy 1,4 cineole  0.29  0.36  0.98 
 
Table 5.3:  Two-tailed t-test repeat comparison for the post-emergence herbicidal 
bioassays for radish 
  P values for two-tailed t-test comparing repeats 
Compound  Root length  Shoot length 
Acetic acid  0.78  0.74 
Benzoic acid  0.68  0.29 
Hexanoic acid  0.87  0.68 
1,8 Cineole  0.51  0.78 
Eucalyptus oil  0.85  0.69 
3 Oxo 1,8 cineole  0.8  0.0043 
2 endo Hydroxy 1,8 cineole  0.55  0.99 
3 exo Hydroxy 1,8 cineole  0.9  0.90 
3 exo Benzoxy 1,8 cineole  0.79  0.73 
2 exo Hydroxy 1,4 cineole  0.37  0.11 
2 exo Acetoxy 1,4 cineole  0.77  0.27 
2 exo Hexoxy 1,4 cineole  0.6  0.37   94 
Table 5.4:  Two-tailed t-test repeat comparison for the post-emergence herbicidal 
bioassays for ryegrass 
  P values for two-tailed t-test comparing repeats 
Compound  Root length  Shoot length 
Acetic acid  0.92  0.73 
Benzoic acid  0.75  0.92 
Hexanoic acid  0.86  0.98 
1,8 Cineole  0.84  0.70 
Eucalyptus oil  0.91  0.66 
3 Oxo 1,8 cineole  0.0041  0.28 
2 endo Hydroxy 1,8 cineole  0.51  0.53 
3 exo t Butylacetoxy 1,8 cineole  0.72  0.82 
2 exo Hydroxy 1,4 cineole  0.77  0.73 
2 exo Acetoxy 1,4 cineole  0.72  0.71 
 
5.2.2  Solvent selection 
 
Due to the low water solubility of the compounds prepared in this current work, organic 
solvents were used for their herbicidal bioassays, in a modification of the method of 
Dornbos and Spencer
185.  Germination, root growth and shoot growth were unaffected 
by hexane for both the long scarlet radish and the annual ryegrass (see Table 5.15 in 
Section 5.3 Experimental for list of solvents).  Chloroform inhibited root growth in one 
trial for each of the two species when tests were conducted in polystyrene Petri dishes 
but when glass Petri dishes were used growth was not affected.  
 
Dornbos and Spencer
185 used 1:99 chloroform hexane (v/v) as solvent.  The solutions 
were placed into 3 mL wells in polystyrene tissue culture dishes which had a bed of 
agar, the solvent was allowed to evaporate and then seeds were placed on to the agar   95 
surface to assess herbicidal activity of the compound.  A higher ratio of chloroform in 
the mixture was shown to inhibit seedling length and/or germination.  They attributed 
this to the dissolution by chloroform of polystyrene from the walls of the wells, which 
left a polystyrene film on the agar surface after evaporation of the solvent preventing 
movement  of  water  between  the  agar  and  the  seeds.    They  also  suggested  that  the 
chloroform  penetrated  the  agar  because  it  has  a  density  higher  than  water  thus 
preventing complete evaporation. 
 
In the present work, the effects of hexane, chloroform and 10% chloroform in hexane on 
the germination and root and shoot growth of annual ryegrass and long scarlet radish 
seeds were initially assessed in 55 mm polystyrene Petri dishes (Figure 5.1).  Three 
trials of the solvents were conducted with each seed species in polystyrene Petri dishes.  
Hexane had no significant effects (at P = 0.05) on germination, root growth or shoot 
growth for either plant species.  Trial 1 in polystyrene Petri dishes for 10% chloroform 
in hexane mixture showed a significant difference (P = 5.5 × 10
–8) from the control for 
the  root  growth  (Figure  5.1  (a)  RL1)  and  trial  2  of  chloroform  with  radish  was 
significantly different from the control for the root growth (P = 0.001) (Figure 5.1 (b) 
RL2).  Although there was not a general problem with the chloroform solvents, it was 
observed that the chloroform dissolved polystyrene from the walls of the dishes to leave 
a film over part of the agar surface.  The film did not cover the whole of the surface and 
thus not all of the seeds were positioned in a way that limited transport of water to them.  
This reduced coverage by the film was likely to have occurred because the 1 mL of 
solution placed in the Petri dishes would have covered a lesser height of the walls due to 
their larger surface area compared to the wells used by Dornbos and Spencer.  The 
extent of dissolution of the polystyrene was also likely to have been reduced due to a 
higher rate of evaporation of the solvents from the larger surface area.  The chloroform   96 
solvents were shown to be suitable when glass Petri dishes were used (see Figure 5.2 (a) 
and (b)).  Clearly no film will have formed over the agar surface and any penetration of 
the agar by the chloroform will have been limited by its rapid evaporation. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1:  Results of solvent trials in polystyrene Petri dishes for (a) annual ryegrass 
(b) radish.  RL = root length; SL = shoot length; Germ = percent germination.  Bars = ± 
SE            Chloroform;         10% chloroform in hexane;         hexane 
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Figure 5.2:  Results of solvent trials in glass Petri dishes for (a) annual ryegrass (b) 
radish.  RL = root length; SL = shoot length; Germ = percent germination.  Bars = ± SE 
       Chloroform;         10% chloroform in hexane 
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A one way analysis of variance comparing the non solvent control and solvent control 
for each pre  and post emergence bioassay showed no statistical differences (at P = 
0.05) for germination of seeds.  For both ryegrass and radish 8 bioassays (out of 102 
where organic solvents  were used) had a significant difference in root  and/or shoot 
growth between organic solvent and non solvent controls.   
 
As no trend was apparent in these differences, they were assumed to be part of the 
natural variation in the populations of the seeds used in this work.  Treating root 
length and shoot length as individual growth events, approximately 20% of bioassays 
using organic solvents had a significant difference between the solvent and non solvent 
controls  (Table  5.5),  with  approximately  11%  showing  increased  and  9%  decreased 
growth in either roots and/or shoots.   
 
Of the 14 bioassays for both species where root lengths were significantly different 
between  solvent  and  non solvent  controls,  8  had  shorter  root  lengths  in  the  solvent 
control  and  6  longer  root  lengths  in  solvent  controls,  representing  8%  and  6%, 
respectively,  of  the  bioassays  conducted  with  organic  solvents  (Table  5.5).    The  P 
values for the ANOVA of the root lengths for these bioassays ranged from 3.0 × 10
–9 to 
4.4 × 10
–2 (Table 5.6).   
 
For  the  6  bioassays  with  significant  difference  between  shoot  lengths  for  the  two 
species, 5 were longer in the solvent control, representing 5% of total organic solvent 
bioassays, and 1 bioassay had shorter shoot length in the solvent control, representing 
1% of total organic solvent bioassays.    The P values for the ANOVA of the shoot 
lengths ranged from 1.4 × 10
–8 to 4.0 × 10
–2 (Table 5.6).   
   99 
Table  5.5:    Summary  of  effects  where  organic  solvent  controls  had  growth 
significantly different (P = 0.05) from non-solvent controls 
  Growth in solvent as compared to non solvent control 
  Root length  Shoot length 
  shorter  longer  shorter  longer 
Ryegrass  5  2  0  3 
Radish  3  4  1  2 
TOTAL  8  6  1  5 
As % of total number of 
bioassays 
using organic solvents 
8  6  1  5 
 
 
Table  5.6:    Effect  of  solvents  in  bioassays  where  solvent  controls  had  growth 
significantly different (P = 0.05) from non-solvent controls 
  Ryegrass  Radish 
  P value  Effect in solvent 
control  P value  Effect in solvent 
control 
2.7E 08  Root length shorter  2.3E 02  Root length shorter 
3.3E 03  Root length shorter     
4.4E 02  Root length shorter     
6.0E 04  Root length longer
a     
Pre emergence 
bioassays 
3.9E 02  Shoot length longer
a     
3.0E 03  Root length shorter  1.8E 03  Root length shorter 
3.9E 02  Root length shorter  3.0E 09  Root length shorter
c 
2.5E 04  Root length longer
b  2.3E 03  Root length longer 
5.5E 03  Shoot length longer
b  2.4E 04  Root length longer
d 
1.5E 08  Shoot length longer  1.4E 03  Root length longer 
    3.0E 02  Root length longer 
    5.3E 03  Shoot length shorter
c 
    2.2E 02  Shoot length shorter 
Post emergence 
bioassays 
    4.0E 02  Shoot length longer
d 
a P values are for root and shoot lengths for seedlings from the same experiment. 
b P values are for root and shoot lengths for seedlings from the same experiment. 
c P values are for root and shoot lengths for seedlings from the same experiment. 
d P values are for root and shoot lengths for seedlings from the same experiment.  100 
5.2.3  Pre-emergence Bioassays 
 
In this work, for both pre  and post emergence bioassays, to obtain more easily measured 
straight roots and shoots (Figure 5.3 (a) and (c)) the seedlings were grown on agar in Petri 
dishes angled at approximately 70° (Figure 5.3 (c)). 
 
                            
 
      
 
Figure 5.3: (a), (b) Radish and ryegrass seedlings, respectively, showing the relatively 
straight growth achieved. (c) Tray with Styrofoam supports to angle Petri dishes at 70° to 
give straighter seedling growth.  
(a)  (b) 
(c)   101 
A filter paper bioassay for 1,8 cineole and eucalyptus oil with an aqueous solvent was 
used.  The volatility of 1,8 cineole and eucalyptus oil required that their Petri dishes not 
remain open for extended periods precluding the use of an organic solvent.  The use of 
an aqueous solvent also required that the Petri dishes be placed flat so as to avoid the 
seeds falling to the base of the Petri dishes.  Further, Pyrex Petri dishes were used for 
1,8 cineole and eucalyptus oil experiments due to the potential of these substances to 
dissolve the plastic Petri dishes. 
 
A dose response was observed for the radish towards all compounds and the eucalyptus 
oil in the pre emergence bioassays (Figures 5.4 – 5.9) with suppression of germination, 
and root and shoot growth increasing with concentration.  A one way ANOVA gave the 
concentration at which suppression of germination, and root and shoot lengths were 
significant (at P = 0.05) (Table 5.7). 
 
No trends are apparent in the toxicity of these substances against radish.  The 
results for the pre-emergence bioassays on radish do not support the hypothesis 
that  the  cineole  esters  would  have  improved  phytotoxicity  compared  to  the 
corresponding hydroxylated cineole and carboxylic acid, nor do they support the 
hypothesis that increasing lipophilicity of the carboxylic acid portion of the ester 
would improve herbicidal activity.   
 
All the carboxylic acids gave complete inhibition of radish above 0.1 mol L
–1 (Figure 
5.4 (a e)).  Overall t butylacetic acid was most effective of the acids against radish.  
Butanoic acid reduced shoot growth to 49% of the control at 0.01 mol L
–1, compared to 
54%  shoot  suppression  by  t butylacetic  acid  but  butanoic  acid  did  not  suppress 
germination at this concentration whilst t butylacetic acid did.  Hexanoic acid was the   102 
most effective against radish roots but least against shoots.  Benzoic acid inhibited root 
and shoot growth at each of the three lower concentrations (Figure 5.4 (b)) in bioassay 1 
but not in the repeat. 
 
Table 5.7:  Concentration (mol L
-1) above which suppression of radish occurred (at 
P = 0.05) 
Compound  Root  Shoot  Germination 
Acetic acid  0.1  0.1  0.1 
Benzoic acid  0.01  0.01  0.1 
Butanoic acid  0.01  0.01  0.1 
Hexanoic acid  0.001  0.1  0.1 
t Butylacetic acid  0.01  0.1  0.1 
1,8 Cineole  1  1  0.1 
Eucalyptus oil
a  0.154  0.154  0.0154 
3 Oxo 1,8 cineole  0.01  0.01  0.01 
3 exo Hydroxy 1,8 cineole  0.01  0.1  0.1 
2 endo Hydroxy 1,8 cineole  0.01  0.1  0.01 
3 exo Acetoxy 1,8 cineole  0.01  1  0.01 
3 exo Benzoxy 1,8 cineole  0.01  0.1  1 
3 exo Butoxy 1,8 cineole  0.1  0.1  0.1 
3 exo Hexoxy 1,8 cineole  0.01  1  0.01 
3 exo t Butylacetoxy 1,8 
cineole 
no suppression  no suppression  0.1 
2 exo Hydroxy 1,4 cineole  0.1  0.1  0.1 
Cinmethylin  0.0001  0.01, 0.1 but 
not 1 
1 
2 exo Acetoxy 1,4 cineole  0.01  0.01  0.01 
2 exo Benzoxy 1,4 cineole  0.01  0.01  no suppression 
2 exo Hexoxy 1,4 cineole  0.1  0.1  0.1 but not 1 
2 exo Butoxy 1,4 cineole  0.1  0.1  0.1 
2 exo t Butylacetoxy 1,4 
cineole 
0.01  0.01  0.1 
 
a Concentration of eucalyptus oil is 0.0154 g mL
–1 giving 1,8 cineole concentration of 
0.1 mol L
–1. 
 
1,8 Cineole and eucalyptus oil had similar levels of activity against radish (Figure 5.5 
(a) and (b)).  Root growth was promoted at 0.01 mol L
–1 by 1,8 cineole (Figure 5.5 (a)) 
in both repeats.  When considering the concentration at which suppression first occurs, 
of  the  1,8-cineole  derivatives  3-oxo-1,8-cineole  was  the  most  effective  against   103 
radish.  In general the 1,8 cineole derivatives were more effective against radish roots 
than shoots (Figures 5.6 and 5.7) whilst for the 1,4 cineole derivatives there was no 
particular trend in their activity against roots versus shoots (Figures 5.8 and 5.9).  2 
endo Hydroxy 1,8 cineole was more active than the 3 hydroxy compound and 2 exo 
hydroxy 1,4 cineole  (Figure  5.6  (b)  and  (c)  and  Figure  5.8  (a)).    Considering 
germination,  root  and  shoot  suppression  together  3 exo acetoxy 1,8 cineole  was  the 
most active of the 1,8 cineole esters, although only the hexanoate ester gave complete 
suppression of germination (at 1 mol L
 1).  The acetate was also the most effective of 
the 1,4 cineole esters (Figure 5.9). 
 
Ryegrass also showed a dose response towards all compounds and eucalyptus oil in the 
pre emergence bioassays, with inhibition of germination, root growth and shoot growth 
increasing with concentration (Figures 5.10 – 5.15).  A one way ANOVA gave the 
concentration at which suppression of germination, and root and shoot lengths were 
significant (at P = 0.05) (Table 5.8). 
 
As  for  radish,  there  are  no  trends  in  the  toxicity  of  these  substances  against 
ryegrass.    The  phytotoxicity  of  the  esters  is  not  improved  compared  to  their 
corresponding  hydroxylated  cineole  and  carboxylic  acid  in  the  ryegrass  pre-
emergence bioassays.  Increasing lipophilicity of the carboxylic acid portion of the 
ester also did not improve herbicidal activity against ryegrass.   
 
Again, as for the radish, ryegrass germination was completely suppressed by the acids at 
the two highest concentrations (0.1 and 1 mol L
–1) (Figure 5.10 (a e)).  Overall, benzoic 
acid  is  the  most  active  of  the  acids  against  ryegrass,  slightly  more  effective  than 
hexanoic acid (Figure 5.10 (b) and (d)).  All the acids, except butanoic acid, were more   104 
effective  at  suppressing  root  and  shoot  growth  than  they  were  at  suppressing 
germination.    
Table 5.8:  Concentration (mol L
-1) above which suppression of ryegrass occurred 
(at P = 0.05) 
Compound  Root  Shoot  Germination 
Acetic acid  0.01  0.01  0.1 
Benzoic acid  0.0001  0.0001  0.01 
Butanoic acid  0.01  0.1  0.01 
Hexanoic acid  0.0001  0.0001  0.01 
t Butylacetic acid  0.001  0.001  0.01 
1,8 Cineole  0.1  0.1  0.1 
Eucalyptus oil
a  0.0154  0.0154  0.0154 
3 Oxo 1,8 cineole  0.1  0.0001, 0.1 but 
not 0.001 & 0.01 
0.1 
3 exo Hydroxy 1,8 cineole  0.1  0.01  0.1 
2 endo Hydroxy 1,8 cineole  0.1  0.01  0.1 
3 exo Acetoxy 1,8 cineole  0.1  0.1  0.1 
3 exo Benzoxy 1,8 cineole  0.01  0.1  0.1 
3 exo Butoxy 1,8 cineole  0.01  0.01  0.1 
3 exo Hexoxy 1,8 cineole  0.01  0.01  0.1 
3 exo t Butylacetoxy 1,8 
cineole 
0.01  0.001  0.1 
2 exo Hydroxy 1,4 cineole  0.01  0.1  0.1 
2 exo Acetoxy 1,4 cineole  0.01  0.01  0.1 
2 exo Benzoxy 1,4 cineole  0.0001  0.0001  0.1 
2 exo Butoxy 1,4 cineole  0.001  0.01  0.1 
2 exo t Butylacetoxy 1,4 
cineole 
0.01  0.1  0.1 
 
a Concentration of eucalyptus oil is 0.0154 g mL
–1 giving 1,8 cineole concentration of 
0.1 mol L
–1. 
 
Overall, when considering concentration at which suppression first occurs, 3-exo-
hexoxy-1,8-cineole  was  the  most  active  1,8-cineole  derivative  against  ryegrass, 
although,  of  the  1,8 cineole  derivatives,  3 exo t butylacetoxy 1,8 cineole  suppressed 
ryegrass shoot growth at a lower concentration than the other 1,8 cineole derivatives, its 
suppression did not go above 60% until complete inhibition at 1 mol L
–1. (Figures 5.12 
and 5.13).  Of the 1,4 cineole derivatives the most effective germination inhibitor was 
2 exo acetoxy 1,4 cineole.  Although  2 exo benzoxy 1,4 cineole  only  inhibits   105 
germination  at  1  mol  L
–1,  it  suppresses  ryegrass  root  and  shoot  growth  at  a  lower 
concentration  than  any  of  the  cineole  derivatives.    Activity  of  1,8 cineole  and 
eucalyptus oil against ryegrass was of a similar level.  In general, all of the substances 
are  more  effective  at  suppressing  ryegrass  root  and  shoot  growth  than  they  are  at 
suppressing its germination but there is no clear trend in the sensitivity of ryegrass roots 
compared to ryegrass shoots.      
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Figure 5.4:  Effects of (a) acetic acid and (b) benzoic acid on root growth, shoot growth 
and germination of radish 72 hours after exposure.  Bars = ± SE 
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Figure 5.4:  Effects of (c) butanoic acid, (d) hexanoic acid and (e) t butylacetic acid on 
root growth, shoot growth and germination of radish 72 hours after exposure.  Bars = ± 
SE 
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Figure 5.5:  Effects of (a) 1,8 cineole and (b) eucalyptus oil on, root growth, shoot 
growth and germination of radish 72 hours after exposure.  Bars = ± SE 
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Figure 5.6:  Effects of (a) 3 oxo 1,8 cineole, (b) 3 exo hydroxy 1,8 cineole and (c) 2 
endo hydroxy 1,8 cineole on, root growth, shoot growth and germination of radish 72 
hours after exposure.  Bars = ± SE 
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Figure 5.7:  Effects of (a) 3 exo acetoxy 1,8 cineole, (b) 3 exo benzoxy 1,8 cineole, (c) 
3 exo butoxy 1,8 cineole,  (d)  3 exo hexoxy 1,8 cineole  and  (e)  3 exo t butylacetoxy 
1,8 cineole  on  root  growth,  shoot  growth  and  germination  of  radish  72  hours  after 
exposure.  Bars = ± SE 
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Figure  5.8:    Effects  of  (a)  2 exo hydroxy 1,4 cineole  and  (b)  cinmethylin  on  root 
growth , shoot growth and germination of radish 72 hours after exposure.  Bars = ± SE 
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Figure 5.9:  Effects of (a) 2 exo acetoxy 1,4 cineole, (b) 2 exo benzoxy 1,4 cineole, (c) 
2 exo butoxy 1,4 cineole,  (d)  2 exo hexoxy 1,4 cineole  and  (e)  2 exo t butylacetoxy 
1,4 cineole  on  root  growth,  shoot  growth  and  germination  of  radish  72  hours  after 
exposure.  Bars = ± SE 
 
P
e
r
c
e
n
t
 
o
f
 
c
o
n
t
r
o
l
 
Molar concentration (log scale) 
Molar concentration (log scale) 
0
20
40
60
80
100
120
140
160
Root length
Shoot length
Germination
Root length
Shoot length
Germination
0
20
40
60
80
100
120
140
160
Root length
Shoot length
Germination
0.0001 0.001 0.01 0.1 1
Root length
Shoot length
Germination
0
20
40
60
80
100
120
140
160
0.0001 0.001 0.01 0.1 1
Root length
Shoot length
Germination  112 
(a)                   (b) 
 
 
 
 
 
 
(c)                   (d) 
 
 
 
 
 
(e) 
 
 
 
 
 
 
 
Figure 5.10:  Effects of (a) acetic acid (b) benzoic acid (c) butanoic acid, (d) hexanoic 
acid and (e) t butylacetic acid on root growth, shoot growth and germination of ryegrass 
72 hours after exposure.  Bars = ± SE 
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Figure 5.11:  Effects of (a) 1,8 cineole and (b) eucalyptus oil on, root growth, shoot 
growth and germination of ryegrass 72 hours after exposure.  Bars = ± SE 
0
20
40
60
80
100
120
140
160
0.0001 0.001 0.01 0.1 1
Molar concentration (log scale)
Root length
Shoot length
Germination
0
20
40
60
80
100
120
140
160
0.00001 0.0001 0.001 0.01 0.1 1
Concentration /g L
 1 (log scale)
Root length
Shoot length
Germination
(b) 
P
e
r
c
e
n
t
 
o
f
 
c
o
n
t
r
o
l
 
(a)   114 
 (a) 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
(c) 
 
 
 
 
 
 
 
Figure 5.12:  Effects (a) 3 oxo 1,8 cineole, (b) 3 exo hydroxy 1,8 cineole and (c) 2 
endo hydroxy 1,8 cineole on, root growth, shoot growth and germination of ryegrass 72 
hours after exposure.  Bars = ± SE 
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Figure 5.13: Effects of (a) 3 exo-acetoxy 1,8 cineole, (b) 3 exo-benzoxy 1,8 cineole, 
(c) 3 exo-butoxy 1,8 cineole (d) 3 exo-hexoxy 1,8 cineole and (e) 3 exo-t butylacetoxy 
1,8 cineole on, root growth .shoot growth and germination of ryegrass 72 hours after 
exposure.  Bars = ± SE 
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Figure  5.14:    Effects  of  concentration  of  2 exo Hydroxy 1,4 cineole  on  the,  root 
growth, shoot growth and germination of ryegrass 72 hours after exposure.  Bars = ± SE 
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Figure 5.15:  Effects of (a) 2 exo-acetoxy 1,4 cineole, (b) 2 exo-benzoxy 1,4 cineole, 
(c) 2 exo-butoxy 1,4 cineole and (d) 2 exo-hexoxy 1,4 cineole on, root growth, shoot 
growth and germination of ryegrass 72 hours after exposure.  Bars = ± SE 
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Pre emergence  data  for  root  growth,  shoot  growth  and  germination  for  both  plant 
species  were  fitted  to  a  sigmoidal  curve  (see  Section  5.2.1)  to  estimate  the 
concentrations that would give 50% suppression of root growth, 50% suppression of 
shoot growth and 50% inhibition of germination.  Whilst the data for both species gave 
a close degree of fit to the curve as indicated by the R
2 values (only 3 of 126 values less 
than 0.9), the values derived are approximate (see Table A1 in Appendix 1).  Due to the 
large number of compounds tested in this work it was not possible to assess sufficient 
concentration data points to give greater reliability in these values.  Thus it was not 
appropriate to base comparisons of the level of bioactivity of these compounds on 50% 
suppression/inhibition values. 
 
A comparison of the activity of the tested compounds has been made at a concentration 
of 0.1 mol L
–1 (expressed as a percentage of the mean of the solvent control) for the 
radish and the ryegrass (Tables 5.9 and 5.10, respectively) (unless otherwise indicated 
in the tables, the suppression is significant at P = 0.050).  Analysis has been done at 0.1 
mol L
 l because there was a high level of suppression (which is what would be desired 
in  a  herbicide)  but  for  most  compounds  not  complete  inhibition.    To  facilitate 
comparisons between the substances the activity relative to 1,8-cineole has been 
determined for each species as given in Tables 5.11 and 5.12. 
 
At 0.1 mol L
 1 the acids completely inhibited germination of radish.  The most active of 
the cineole compounds against radish at 0.1 mol L
-1 was 2-exo-butoxy-1,4-cineole, 
being completely inhibitory.  At this concentration the most effective pre emergence 
compounds  (that  is,  compounds  preventing  germination)  were  the  2 exo butoxy 1,4 
cineole,  3 exo hydroxy 1,8 cineole,  2 endo hydroxy 1,8 cineole,  2 exo hydroxy 1,4 
cineole and 2 exo acetoxy 1,4 cineole.  These compounds suppressed germination by   119 
approximately 97% as compared to 66% suppression by 1,8 cineole (Table 5.10).  2 
endo Hydroxy 1,8 cineole was completely inhibitory of shoot growth at 0.1 mol L
 1 and 
second to the 2 exo butoxy 1,4 cineole in its suppression of root growth. 
 
As for radish, at 0.1 mol L
 1 the acids completely inhibited ryegrass germination.  At 0.1 
mol  L
-1  the  2-exo-acetoxy-1,4-cineole  was  the  most  effective  of  the  cineole 
compounds as a pre-emergence herbicide against ryegrass.  In contrast to radish, 2 
endo hydroxy 1,8 cineole was less active against ryegrass roots, shoots and germination 
than 3 exo hydroxy 1,8 cineole.   Eucalyptus oil was more active against ryegrass than 
1,8 cineole giving approximately 95% suppression of germination compared to 70% 
suppression by 1,8 cineole, contrasting their similar level of activity against radish. 
 
As  indicated  by  observations  of  the  concentration  at  which  suppression  was  first 
observed,  the  bioactivites  of  the  compounds  at  0.1  mol  L
–1  do  not  support  the 
hypothesis  that  cineole  esters  would  have  improved  phytotoxicity  compared  to 
their hydroxylated cineole and carboxylic acid due to metabolic cleavage on uptake 
by the plants, or the hypothesis that increasing lipophilicity of the carboxylic acid 
portion of the ester would improve phytotoxicity.    
 
For  radish,  root  sensitivity  was  higher  than  shoot  sensitivity  for  most  of  the  tested 
substances at 0.1 mol L
 1 but there was no strong trend in sensitivity of ryegrass roots 
versus ryegrass shoots.  A comparison of the germination inhibition at 0.1 mol L
 1 does 
not indicate a greater sensitivity of one species over another but ryegrass roots and 
shoots were generally more sensitive to the cineole compounds at 0.1 mol L
 1 than were 
the radish roots and shoots.  No effect of functionalision of the cyclohexane ring at 
position 2 compared to position 3 was observed for either species at 0.1 mol L
 1 (Tables   120 
5.11  and  5.12).    In  radish,  the  2   and  3 hydroxy cineole  compounds  had  similar 
germination suppression at 0.1 mol L
 1 whilst for ryegrass 2 endo hydroxy 1,8 cineole 
was  less  effective  against  germination  than  the  other  hydroxy cineole  compounds.  
Likewise,  there  was  no  effect  of  position  of  functionalisation  on  activity  at  initial 
suppression concentrations (Tables 5.7 and 5.8). 
 
Table 5.9:  Pre-emergence herbicidal activity of compounds tested against ryegrass 
at 0.1 mol L
–1 (with P values in brackets) (Ordered on germination inhibition) 
 
a Concentration of eucalyptus oil is 0.0154 g mL
–1 giving 1,8 cineole concentration of 
0.1 mol L
–1. 
Italicised font = not significant. 
 
 
  Percentage of control 
Compound  Root length  Shoot length  Germination  
Acetic acid  0 (5.0E 13)  0 (5.0E 13)  0 (5.0E 13) 
Benzoic acid  0 (3.2E 13)  0 (3.2E 13)  0 (3.5E 13) 
Butanoic acid  0 (5.4E 13)  0 (5.4E 13)  0 (4.37E 13) 
Hexanoic acid  0 (4.2E 13)  0 (4.2E 13)  0 (3.5E 13) 
t Butylacetic acid  0 (4.3E 13)  0 (4.3E 13)  0 (3.5E 13) 
2 exo Acetoxy 1,4 cineole  0 (1.1E 8)  0 (1.5E 5)  0 (3.5E 13) 
3 exo Hexoxy 1,8 cineole  16 (4.6E 13)  10.2 (4.6E 13)  2.3 (4.6E 13) 
3 exo Hydroxy 1,8 cineole  16.6 (8.5E 5)  10.2 (1.2E 2)  2.6 (3.5E 13) 
2 exo Hexoxy 1,4 cineole  10.9 (7.6E 2)  9.2 (1.38E 9)  4.3 (3.5E 13) 
Eucalyptus oil
a  26.2 (0.78)  23.8 (0.81)  4.9 (3.5E 13) 
2 exo Butoxy 1,4 cineole  6.7 (1.5E 4)  9 (1.5E 3)  9.3 (3.5E 13) 
3 exo Butoxy 1,8 cineole  7.9 (5.1E 7)  11.1 (2.0E 4)  14.6 (3.5E 13) 
2 exo Hydroxy 1,4 cineole  6.1 (6.2E 12)  23.1 (3.7E 6)  21.7 (3.5E 13) 
1,8 Cineole  22.4 (3.1E 3)  28.4 (7.9E-2)  30.2 (4.1E 13) 
3 Oxo 1,8 cineole  18.9 (3.9E 13)  18.2 (3.9E 13)  33.3 (4.6E 13) 
3 exo Acetoxy 1,8 cineole  7.6 (1.6E 8)  21.3 (3.9E 5)  34.1 (4.8E 13) 
2 exo Benzoxy 1,4 cineole  28 (2.1E 8)  23.7 (1.5E 9)  46.3 (4.6E 8) 
2 endo Hydroxy 1,8 cineole  39.5 (2.7E 4)  15.4 (4.1E 9)  51.5 (6.4E 8) 
3 exo Benzoxy 1,8 cineole  10.9 (4.2E 13)  41.6 (5.1E 8)  82.2 (0.13) 
3 exo t Butylacetoxy 1,8 
cineole 
64.9 (1.0E 2)  44.8 (4.6E 8)  97.8 (1.00)   121 
Table 5.10: Pre-emergence herbicidal activity of compounds tested against radish 
at 0.1 mol L
–1 (with P values in brackets) (Ordered on germination inhibition) 
 
a Concentration of eucalyptus oil is 0.0154 g mL
–1 giving 1,8 cineole concentration of 
0.1 mol L
–1. 
Italicised font = not significant. 
 
 
 
 
 
 
  Percentage of control 
Compound  Root length  Shoot length  Germination  
Acetic acid  0 (8.1E 11)  0 (5.6E 13)  0 (1.3E 10) 
Benzoic acid  0 (4.2E 13)  0 (4.2E 13)  0 (3.5E 13) 
Butanoic acid  0 (5.8E 13)  0 (5.8E 13)  0 (4.4E 13) 
Hexanoic acid  0 (3.8E 13)  0 (3.8E 13)  0 (4.6E 13) 
t Butylacetic acid  0 (4.8E 13)  0 (4.8E 13)  0 (3.5E 13) 
2 exo Butoxy 1,4 cineole  0 (4.8E 13)  0 (4.8E 13)  0 (4.6E 13) 
3 exo Hydroxy 1,8 cineole  26.8 (4.0E 13)  46.5 (4.0E 13)  2.4 (3.5E 13) 
2 endo Hydroxy 1,8 cineole  6.8 (3.5E 13)  0 (3.5E 13)  2.6 (3.5E 13) 
2 exo Hydroxy 1,4 cineole  9.9 (3.8E 13)  41.7 (3.9E 13)  2.6 (3.5E 13) 
2 exo Acetoxy 1,4 cineole  2.7 (4.1E 13)  0 (4.0E 13)  4.5 (3.5E 13) 
3 Oxo 1,8 cineole  20.5 (2.2E 3)  29.3 (1.7E 3)  10 (3.5E 13) 
3 exo Acetoxy 1,8 cineole  29.2 (2.4E 2)  64.3 (0.38)  18.9 (2.1E 10) 
3 exo t Butylacetoxy 1,8 
cineole 
72.5 (0.81)  90.9 (1.00)  31.4 (1.4E 6) 
1,8 Cineole  37.1 (0.25)  64.7 (0.21)  34.1 (6.7E 4) 
Eucalyptus oil
a  47.7 ( 0.37)  80.4 (0.64)  58.8 (2.7E 2) 
2 exo t Butylacetoxy 1,4 
cineole 
55.8 (6.8E-2)  71.2 (0.23)  42.9 (3.6E 4) 
3 exo Hexoxy 1,8 cineole  39.8 (9.1E 3)  73.3 (0.23)  47.2 (1.2E 4) 
3 exo Butoxy 1,8 cineole  26.7 (6.8E 3)  63.4 (4.3E 2)  51.4 (3.2E 3) 
2 exo Hexoxy 1,4 cineole  44.4 (2.0E 3)  44.3 (5.1E 5)  58.1 (3.1E 4) 
Cinmethylin  36.5 (4.8E 8)  62.5 (5.1E 3)  85.7 (0.77) 
3 exo Benzoxy 1,8 cineole  42.4 (9.2E 10)  61 (4.8E 5)  98 (1.00) 
2 exo Benzoxy 1,4 cineole  54.7 (1.3E 4)  64 (1.6E 4)  82.9 (0.71)   122 
Table 5.11:  Pre-emergence herbicidal activity of test compounds against ryegrass 
at  0.1  mol  L
–1  relative  to  1,8-cineole  (C.I.  =  Complete  inhibition)  (Ordered  on 
germination inhibition) 
 
Compound  Root length  Shoot length  Germination  
Acetic acid  C.I.  C.I.  C.I. 
Benzoic acid  C.I.  C.I.  C.I. 
Butanoic acid  C.I.  C.I.  C.I. 
Hexanoic acid  C.I.  C.I.  C.I. 
t Butylacetic acid  C.I.  C.I.  C.I. 
2 exo Acetoxy 1,4 cineole  C.I.  C.I.  C.I. 
3 exo Hexoxy 1,8 cineole  1.4  2.8  13.1 
3 exo Hydroxy 1,8 cineole  1.3  2.8  11.6 
2 exo Hexoxy 1,4 cineole  2.1  3.1  7.0 
Eucalyptus oil
a  0.9  1.2  6.2 
2 exo Butoxy 1,4 cineole  3.3  3.2  3.2 
3 exo Butoxy 1,8 cineole  2.8  2.6  2.1 
2 exo Hydroxy 1,4 cineole  3.7  1.2  1.4 
1,8 Cineole  1.0  1.0  1.0 
3 Oxo 1,8 cineole  1.2  1.6  0.9 
3 exo Acetoxy 1,8 cineole  2.9  1.3  0.9 
2 exo Benzoxy 1,4 cineole  0.8  1.2  0.7 
2 endo Hydroxy 1,8 cineole  0.6  1.8  0.6 
3 exo Benzoxy 1,8 cineole  2.1  0.7  0.4 
3 exo t Butylacetoxy 1,8 cineole  0.3  0.6  0.3 
 
 
 
 
 
 
 
   123 
Table 5.12:  Pre-emergence herbicidal activity of test compounds against radish at 
0.1  mol  L
–1  relative  to  1,8-cineole  (C.I.  =  Complete  inhibition)  (Ordered  on 
germination inhibition) 
 
 
5.2.4  Post-emergence Bioassays 
 
Post-emergence bioassays for selected substances for each of the two plant species 
confirm that the reduced root and shoot growth observed in the pre-emergence 
bioassays  was  due  to  inhibition  of  growth  rather  than  the  result  of  delayed 
germination.    Substances  assessed  for  post emergence  activity  for  both  species 
included  the  1,8 cineole,  eucalyptus  oil,  3 oxo 1,8 cineole  and  all  the  hydroxylated 
Compound  Root length  Shoot length  Germination  
Acetic acid  C.I.  C.I.  C.I. 
Benzoic acid  C.I.  C.I.  C.I. 
Butanoic acid  C.I.  C.I.  C.I. 
Hexanoic acid  C.I.  C.I.  C.I. 
t Butylacetic acid  C.I.  C.I.  C.I. 
2 exo Butoxy 1,4 cineole  C.I.  C.I.  C.I. 
3 exo Hydroxy 1,8 cineole  1.4  1.4  14.2 
2 endo Hydroxy 1,8 cineole  5.5  C.I.  13.1 
2 exo Hydroxy 1,4 cineole  3.7  1.6  13.1 
2 exo Acetoxy 1,4 cineole  3.5  2.0  11.8 
3 Oxo 1,8 cineole  1.8  2.2  3.4 
3 exo Acetoxy 1,8 cineole  1.3  1.0  1.8 
3 exo t Butylacetoxy 1,8 cineole  0.5  0.7  1.1 
1,8 Cineole  1.0  1.0  1.0 
Eucalyptus oil  0.8  1.0  1.0 
2 exo t Butylacetoxy 1,4 cineole  0.7  0.9  0.8 
3 exo Hexoxy 1,8 cineole  0.9  0.9  0.7 
3 exo Butoxy 1,8 cineole  1.4  1.0  0.7 
2 exo Hexoxy 1,4 cineole  0.6  0.7  0.5 
Cinmethylin  0.8  0.9  0.4 
3 exo Benzoxy 1,8 cineole  0.8  0.8  0.4 
2 exo Benzoxy 1,4 cineole  0.7  1.0  0.4   124 
cineole compounds and selected 1,8 cineole and  1,4 cineole esters.  The acids chosen 
were those that corresponded to the esters selected for these post emergence bioassays.   
 
Dose response curves for the post-emergence bioassays show that for both species 
and for all tested substances there was increasing inhibition with concentration 
(Figures 5.16 to 5.24).   
 
Acids on Radish 
Acetic acid suppressed radish root growth and shoot growth post emergence at 0.01 mol 
L
–1  with  increasing  suppression  at  the  two  higher  concentrations  (Figure  5.16  (a)).  
Benzoic acid suppressed radish root growth above 3.16 × 10
–4 mol L
–1 increasing to 
about 6% of the mean of the control at 3.16 × 10
–2 mol L
–1, and suppressed shoot 
growth above 0.001 mol L
–1 increasing to approximately 15% of the mean of control at 
3.16 × 10
–2 mol L
–1 (Figure 5.16 (b)).  Hexanoic acid inhibited radish root growth above 
0.0025  mol  L
–1  (Figure  5.16  (c)).    At  the  highest  concentration  of  0.05  mol  L
–1, 
hexanoic acid reduced root growth by approximately 99%.  Radish shoot growth was 
reduced by hexanoic acid above 0.007 mol L
–1 increasing to about 87% suppression at 
0.05 mol L
–1.   
 
1,8-Cineole and Eucalyptus Oil on Radish 
No further root or shoot growth was observed in radish when exposed to 1,8 cineole at 
the highest concentration (0.316 mol L
–1).  Suppression of roots and shoots by 1,8 
cineole was significant but only partial at 0.1 mol L
–1 (Figure 5.17 (a)).  Eucalyptus oil 
prevented any further growth of roots and shoots above 0.0316 g L
–1 with partial root 
suppression at 0.01 g L
–1 (Figure 5.17 (b)).  Roots turned brown and became dehydrated   125 
when exposed to 1,8 cineole or eucalyptus oil at their highest concentrations, and no 
new root growth occurred. 
 
1,8-Cineole Derivatives on Radish 
There was complete inhibition of radish root and shoot growth by 2 endo hydroxy 1,8 
cineole at 0.2 mol L
–1, the highest concentration tested, as well as significant (for root P 
= 1.14 × 10
–12, for shoot P = 3.41 × 10
–3) but partial suppression above 0.05 mol L
–1 
(Figure  5.18  (a)).    At  this  highest  concentration,  2 endo hydroxy 1,8 cineole  caused  
browning  at  the  root  tip.    There  was  a  significant  (P  =  1.78  ×  10
–6)    but  partial 
suppression in radish root growth above 0.01 mol L
–1 for 3 exo hydroxy 1,8 cineole 
increasing to an approximate 95% suppression at 0.2 mol L
–1 whilst shoot growth was 
suppressed  at  0.1  mol  L
–1  rising  to  approximately  70%  suppression  at  0.2  mol  L
–1 
(Figure  5.18  (b)).    Radish  shoots  treated  with  3-exo-hydroxy-1,8-cineole  were 
clearly paler green than shoots of the control seedlings suggesting this compound 
may  interfere  with  chlorophyll  production  or  enhance  its  breakdown,  or  increase 
production of masking carotenoids.  3 Oxo 1,8 cineole suppressed shoot growth above 
0.01 mol L
–1 increasing with concentration whilst root growth was reduced above 0.025 
mol L
–1 increasing to approximately 55% suppression at 0.075 mol L
–1  (Figure 5.18 
(c)).  Significant (P = 1.87 × 10
–4) but partial shoot suppression was caused by 3 exo 
benzoxy 1,8 cineole at  0.01 mol  L
–1 which increased with concentration whilst root 
suppression was significant (P = 3.05 × 10
–3) above 0.0316 mol L
–1 increasing to about 
87% at 1 mol L
–1 (Figure 5.18 (d)). 
 
1,4-Cineole Derivatives on Radish 
2 exo Hydroxy 1,4 cineole  suppressed  further  radish  root  growth  at  all  the 
concentrations tested, with 98% reduction at 0.1 mol L
–1 whilst further shoot growth   126 
was depressed above 0.04 mol L
–1 increasing to 75% reduction at 0.1 mol L
–1 (Figure 
5.19 (a)).   Although there was a small amount  of continued  growth in  radish roots 
treated with 2 exo hydroxy 1,4 cineole at 0.1 mol L
–1, the roots showed some browning 
at the tips.  2 exo Acetoxy 1,4 cineole inhibited root and shoot growth at the highest 
tested concentration of 0.1 mol L
–1 (Figure 5.19 (b)).  2-exo-Acetoxy-1,4-cineole, as 
for  3-exo-hydroxy-1,8-cineole,  caused  shoots  to  be  paler  green  than  shoots  of 
control seedlings.  2 exo Hexoxy 1,4 cineole suppressed root and shoot growth at all 
concentrations, rising to about 84% and 82% reduction in growth, respectively, at the 
highest concentration of 1 mol L
–1 (Figure 5.19 (c)). 
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Figure 5.16:  Effect of (a) acetic acid, (b) benzoic acid and (c) hexanoic acid on post 
emergence growth of roots and shoots of radish 48 hours after exposure.  Bars = ± SE 
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Figure 5.17:  Effects of concentration of (a) 1,8 cineole and (b) eucalyptus oil on post 
emergence growth of roots and shoots of radish 48 hours after exposure.  Bars = ± SE 
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Figure 5.18:  Effects of (a) 2 endo hydroxy 1,8 cineole, (b) 3 exo hydroxy 1,8 cineole, 
(c) 3 oxo 1,8 cineole and (d) 3 exo benzoxy 1,8 cineole on post emergence root and 
shoot growth of radish 48 hours after exposure.  Bars = ± SE 
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Figure  5.19:    Effect  of  (a)  2 exo hydroxy 1,4 cineole,  (b)  2 exo acetoxy 1,4 cineole 
and  (c)  2 exo hexoxy 1,4 cineole  on  post emergence  growth  of  roots  and  shoots  of 
radish 48 hours after exposure.  Bars = ± SE 
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Acids on Ryegrass 
Acetic acid suppressed post emergent ryegrass root growth above 0.0025 mol L
–1 with 
root  length  decreasing  to  about  6%  of  the  control  mean  as  concentration  increased 
(Figure 5.20 (a)).  Shoot growth was suppressed by acetic acid above 0.01 mol L
–1 
rising to approximately 53% suppression at 0.05 mol L
–1.  Benzoic acid completely 
inhibited growth at the highest concentration of 0.0316 mol L
–1 with root suppression 
partial but significant (P = 3.55 × 10
–13) above 0.001 mol L
–1 and shoot depression 
above 0.00316 mol L
–1 (Figure 5.20 (b)).  There was complete suppression of ryegrass 
root growth by hexanoic acid above 0.02 mol L
–1 and shoot growth at 0.05 mol L
–1.  
Root and shoot growth were suppressed above 0.0025 mol L
–1 (Figure 5.20 (c)).   
 
1,8-Cineole and Eucalyptus Oil on Ryegrass 
1,8 Cineole completely suppressed ryegrass root and shoot growth above 0.1 mol L
–1 
with significant (P = 3.55 × 10
–13) but partial root suppression at 0.0316 mol L
–1 (Figure 
5.21 (a)).  Eucalyptus oil reduced ryegrass root and shoot growth above 0.00316 g L
–1 
and completely inhibited root growth above 0.01 g L
–1 and shoot growth above 0.0316 g 
L
–1 (Figure 5.21 (b)).     
 
1,8-Cineole Derivatives on Ryegrass 
3 Oxo 1,8 cineole  reduced  ryegrass  root  growth  at  0.005  mol  L
–1  increasing  to 
approximately 73% suppression at 0.075 mol L
–1, whilst shoot growth was decreased 
above 0.025 mol L
–1 increasing to 70% reduction at 0.075 mol L
–1 (Figure 5.22 (a)).   3 
exo Hydroxy 1,8 cineole  suppressed  root  growth  above  0.025  mol  L
–1  rising  to 
complete suppression at the two highest concentrations (0.1 and 1 mol L
–1) (Figure 5.22 
(b)).  This hydroxy compound suppressed ryegrass shoot growth above 0.01 mol L
–1 
with 85% suppression at 0.2 mol L
–1.  2 endo Hydroxy 1,8 cineole reduced root growth   132 
above 0.005 mol L
–1,  and completely inhibited root growth at 0.1 and  0.2 mol L
–1 
(Figure  5.22  (c)).    2 endo Hydroxy 1,8 cineole  suppressed  shoot  growth  above  0.01 
mol  L
–1  with  92%  suppression  at  the  highest  concentration  (0.2  mol  L
–1).    3 exo 
Hexoxy 1,8 cineole  inhibited  ryegrass  root  growth  at  0.0316  and  0.1  mol  L
–1  with 
partial but significant (P = 6.47 × 10
–3) suppression at 0.01 mol L
–1 but promoted root 
growth at the two lowest concentrations of 0.001 and 0.0032 mol L
–1 (P = 2.44 × 10
–5, 
and P = 2.93 × 10
–6, respectively).  This compound suppressed ryegrass shoot growth at 
all concentrations with complete inhibition at the highest concentration (0.1 mol L
–1) 
(Figure  5.23  (a)).    3 exo t Butylacetoxy 1,8 cineole  reduced  root  and  shoot  growth 
above 0.01 mol L
–1 with maximum suppression (94% and 73 %, respectively) at 0.3162 
mol L
–1 (Figure 5.23 (b)). 
 
1,4-Cineole Derivatives on Ryegrass 
2 exo Hydroxy 1,4 cineole and 2 exo acetoxy 1,4 cineole suppressed ryegrass root and 
shoot  growth  above  0.01  mol  L
–1  with  complete  root  growth  inhibition  for  both 
compounds  and  maximum  shoot  suppression  (93%  and  83%  for  the  hydroxy  and 
acetate, respectively) at 0.1 mol L
–1 (Figure 5.24 (a) and (b)). 
 
The ryegrass roots turned brown and became dehydrated when treated with 1,8 cineole, 
eucalyptus oil, 2 endo hydroxy 1,8 cineole, 3 exo hexoxy 1,8 cineole, 2 exo hydroxy 
1,4 cineole  and  2 exo acetoxy 1,4 cineole  at  their  highest  tested  concentration.    The 
browning of the roots was apparent within approximately 5 minutes for the 1,8 cineole 
and eucalyptus oil, likely as a result of the volatility of these substances.   
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        (a) 
 
 
 
 
 
 
            (b) 
 
 
 
 
 
 
 
             (c) 
 
 
 
 
 
 
 
 
 
Figure 5.20:  Effects of (a) acetic acid, (b) benzoic acid and (c) hexanoic acid on post 
emergence growth of roots and shoots of ryegrass 48 hours after exposure.  Bars = ± SE 
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       (a)  
 
 
 
 
 
 
 
 
 
 
           (b) 
 
 
 
 
 
 
 
 
 
 
 
Figure  5.21:    Effects  of  (a)  1,8 cineole  and  (b)  eucalyptus  oil  on  post emergence 
growth of roots and shoots of ryegrass 48 hours after exposure.  Bars = ± SE 
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Figure 5.22:  Effects of (a) 3 oxo 1,8 cineole, (b) 3 exo hydroxy 1,8 cineole and (c) 2 
endo hydroxy 1,8 cineole on post emergent growth of roots and shoots of ryegrass 48 
hours after exposure.  Bars = ± SE 
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Figure 5.23:  Effects of (a) 3 exo hexoxy 1,8 cineole and (b) 3 exo t butylacetoxy 1,8 
cineole  on  post emergence  growth  of  roots  and  shoots  of  ryegrass  48  hours  after 
exposure.  Bars = ± SE 
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Figure  5.24:    Effects  of  (a)  2 exo hydroxy 1,4 cineole  and  (b)  2 exo acetoxy 1,4 
cineole  on  post emergence  growth  of  roots  and  shoots  of  ryegrass  48  hours  after 
exposure.  Bars = ± SE 
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As in the case of the pre emergence bioassays, the data were fitted to a sigmoidal curve 
(see Section 5.2.1) to determine the I50 (50% inhibition) values for root growth and 
shoot growth (see Appendix Tables A3 and A4).  The data for both species closely 
fitted the curve as indicated by the R
2 values (all above 0.9) but the  I50 values are 
approximate due to the emphasis being on the wide range of compounds tested rather 
than on repetition to achieve high precision for fewer compounds. 
 
As  for  pre-emergence  results,  the  post-emergence  results  do  not  support  the 
postulate that cineole esters would be more active than their respective carboxylic 
acid and the hydroxy cineole due to metabolic cleavage on uptake by plants.  In 
general the post emergence activity of the cineole esters did not show improvement 
relative to their respective hydroxylated cineole and carboxylic acid precursors.  The 3 
exo hexoxy 1,8 cineole  activity  against  ryegrass  shoots  was  greater  than  that  of 
hexanoic acid and 3 exo hydroxy 1,8 cineole but higher activity (relative to their acid 
and hydroxyated cineole) was not observed for the 2 exo hexoxy 1,4 cineole, 3 exo 
benzoxy 1,8 cineole  and  2 exo acetoxy 1,4 cineole  against  radish  or  2 exo t 
butylacetoxy 1,8 cineole and 2 exo acetoxy 1,8 cineole against ryegrass.   
 
The  post emergent  results  indicate  that  for  radish,  roots  were  more  sensitive  to  the 
tested substances than were shoots, as also shown by the pre emergence observations.  
For the ryegrass, shoots were slightly more sensitive post emergent but there was no 
clear trend for sensitivity of roots as compared to shoots for pre emergence bioassays.   
 
Post-emergence  the  carboxylic  acids  were  most  active  of  the  tested  substances 
against radish with 2-endo-hydroxy-1,8-cineole overall most active of the cineole 
compounds.  Although both 2 exo benzoxy 1,8 cineole and 2 exo hexoxy 1,4 cineole   139 
initially  suppress  shoot  growth  at  a  lower  concentration  than  2 endo hydroxy 1,8 
cineole, they do not completely inhibit shoot growth even at 1 mol L
–1 whilst 2 endo 
hydroxy 1,8 cineole completely inhibits shoots at 0.2 mol L
–1.  A number of the cineole 
compounds initially suppress root growth at a concentration lower than that of 2 endo 
hydroxy 1,8 cineole but some of these compounds do not give complete root inhibition 
whilst 2 endo hydroxy 1,8 cineole does. 
 
Overall, of the cineole compounds 3-exo-hexoxy-1,8-cineole has the highest post-
emergence  activity  against  ryegrass  with  its  shoot  growth  suppression  initially 
occurring at lowest concentration of the cineole compounds with complete suppression 
at 0.1 mol L
 1.  Whilst other cineole compounds suppressed post emergent ryegrass root 
growth at lower concentrations than this hexanoate ester, it completely inhibited root 
growth at 0.0316 and 0.1 mol L
–1.  2 endo Hydroxy 1,8 cineole was the most active 
hydroxy cineole against ryegrass roots but all the hydroxy cineoles had similar shoot 
activity. 
 
5.2.5  Whole Plant Bioassay 
 
To assess whether the 3 exo hydroxy cineole translocates in plants or acts as a contact 
poison,  whole  plant  bioassays  were  carried  out  on  wild  radish  (Raphanus 
raphanistrum), a major weed of the wheat belt region of Western Australia.  Whole 
plant bioassays also allowed for possible differences in the herbicidal activity of the 
enantiomers  of  3 exo hydroxy 1,8 cineole  7  to  be  determined.    Plants  grown  under 
glasshouse conditions (average daily maxima and minima during the 3 week growing 
phase  and  3  day  experimental  phase  were  36°C  and  22°C,  and  34°C  and  22°C,   140 
respectively)  were  treated  at  the  4  leaf  stage  (3  weeks  of  age)  with  the  following 
aqueous solutions: 
•  0.05 g mL
 1 (0.29 mol L
 1) ( ) 3 exo hydroxy 1,8 cineole,  
•  0.05 g mL
 1 (0.29 mol L
 1) (+) 3 exo hydroxy 1,8 cineole,  
•  0.05 g mL
 1 (0.29 mol L
 1) racemic 3 exo hydroxy 1,8 cineole, and 
•  0.025 g mL
 1 (0.15 mol L
 1) ( ) 3 exo hydroxy 1,8 cineole.   
Each  solution  contained  20%  by  mass  (of  its  hydroxy cineole)  of  the  non ionic 
surfactant Tween
® 80 (polyoxyethylene sorbitan (20) monooleate).  Four replicates of 4 
plants, sixteen plants in total, were sprayed at each concentration (30 mL of solution 
over the 16 plants).  A control set of plants (4 replicates of 4 plants) were sprayed with 
an  aqueous  solution  of  Tween
®  80  (30mL)  with  concentration  equal  to  its  highest 
concentration in the 3 exo hydroxy 1,8 cineole solutions, and a second set of control 
plants (4 replicates of 4 plants) was left unsprayed.  Concentrations were chosen based 
on results of preliminary trials not presented here and selected to avoid complete death 
or high levels of injury to the plants, thus enabling any differences in activity to be 
apparent.  The relative concentrations of solutions was chosen on the postulate that if 
only one enantiomer is bioactive then plants exposed to the solution of the racemate 
should show half the level of damage  compared to the higher  concentration of the 
bioactive enantiopure solution but if both enantiomers are active then the damage to 
plants exposed to the racemic solution may be equal to the damage caused by either of 
the 0.05 g mL
 1 enantiopure solutions (assuming both are equally active).  The 0.025 g 
mL
 1  (S) 3 exo hydroxy 1,8 cineole  was  included  to  facilitate  identification  of  any 
difference in levels of activity between the isomers.  The level of activity was assessed 
visually by estimating percentage of leaf area damaged.  Observations were first made 
5.5 hours after treatment and continued daily until 3 days after treatment.   141 
(a) (b)  
(c) (d)  
(e)  (f)  
 
Figure 5.25:  Wild radish seedlings treated with 3 exo hydroxy 1,8 cineole enantiomers 
to assess their relative herbicidal activity.   
(a) control plants sprayed with aqueous solution of Tween
® 80 
(b) control plants unsprayed 
(c) plants sprayed with 0.05 g mL
 1 (S) 3 exo hydroxy 1,8 cineole solution 
(d) plants sprayed with 0.025 g mL
 1 (S) 3 exo hydroxy 1,8 cineole solution 
(f) plants sprayed with 0.05 g mL
 1 (R) 3 exo hydroxy 1,8 cineole solution 
(f) plants sprayed with 0.05 g mL
 1 racemic 3 exo hydroxy 1,8 cineole solution.   142 
The nature of the damage shows these compounds act as a contact poison and are 
not  translocated  in  the  plants.    Results  also  suggest  both  enantiomers  possess 
herbicidal activity with the S enantiomer having about twice the activity of the R 
enantiomer.    Both solutions of the enantiopure 3 exo hydroxy 1,8 cineoles and the 
solution of the racemate at each concentration caused injury to the plants (Figure 5.25).  
Approximately 5.5 hours after exposure 
•  20% of the leaf surface area was dehydrated in plants treated with the 0.05 g 
mL
 1 (S) 3 exo hydroxy 1,8 cineole solution,  
•  10% of leaf surface area for the 0.05 g mL
 1 (R) 3 exo hydroxy 1,8 cineole and 
0.025 g mL
 1 (S) 3 exo hydroxy 1,8 cineole solutions, and  
•  15% of leaf surface area for the 0.05g mL
 1 solution of racemic 3 exo hydroxy 
1,8 cineole.   
Dehydrated leaves also had a bleached appearance.  No further damage was evident 5.5 
hours after exposure. 
 
5.3  Experimental 
 
Seed Treatment 
Annual ryegrass seeds (Lolium rigidum, seed source   Wongan Hills Research Station 
2EA,  Western  Australia,  collected  21  November  2002)  and  radish  seeds  (Raphanus 
sativus var. Long Scarlet, seed source   commercially available Mr Fothergill’s Seeds 
Pty Ltd) were surface sterilised in 2% sodium hypochlorite solution for 10 minutes, 
rinsed 3 times with sterile deionised water and then imbibed for approximately 15 hours 
in sterile deionised water.   
Agar Bioassay  
Water agar was prepared by autoclaving (103.4 kPa (121°C) for 30 minutes, unless 
otherwise stated) 4.0 g of agar (BBL
TM Agar, Grade A) in 500 mL of deionised water   143 
containing calcium and boron trace elements at concentrations of 0.05 mol L
 1 and 1 × 
10
 3 mol L
 1, respectively.  Under sterile conditions, the agar was poured into 55 mm 
Petri dishes to a depth of approximately 2 mm and allowed to solidify.  Where the 
solvent for the test compound contained chloroform (see Table 5.15) Pyrex Petri dishes 
were used, otherwise plastic dishes were used.  The Pyrex dishes were sterilised in an 
autoclave.    Solutions  of  the  test  compound  were  prepared  in  the  required  organic 
solvent (Table 15.5) and solution (1 mL) was introduced into the Petri dishes using a 
micropipette.  The Petri dishes were then left open in a laminar flow cabinet for 3 hours 
to allow evaporation of the organic solvent.  For the pre emergence bioassays, solutions 
of the compounds were prepared at concentrations of: 
•  1 mol L
 1, 
•  0.1 mol L
 1, 
•  0.01 mol L
 1, 
•  1 × 10
 3 mol L
 1 and  
•  1 × 10
 4 mol L
 1.   
The  concentration  ranges  used  in  the  post emergence  bioassays  were  between  the 
concentrations where seedlings showed little or no response and complete or nearly 
complete mortality in pre emergence bioassays.  
 
For both pre  and post emergence bioassays, 10 seeds were placed in each Petri dish 
prepared  as  described  above  and  then  sealed  with  plastic  food  wrap.    At  each 
concentration and for controls, 5 replicates were used (i.e. 10 seeds in each of 5 Petri 
dishes).  The Petri dishes were placed in a completely randomised manner in the tray 
with Styrofoam supports to angle the dishes at approximately 70°.  The tray was then 
incubated under light (135 to 195  E m
 2 s
 1 PAR) at 25°C for 72 hours for the pre 
emergence bioassays and 48 hours for the post emergence bioassays.  Two controls,   144 
with and without solvent, were used for each experiment.  For solvent controls, solvent 
(1 mL) was pipetted on to the surface of the agar in the Petri dish and the dish left open 
in a laminar flow cabinet for three hours.  The non solvent control consisted of the same 
agar solution in Petri dishes that were similarly left open in a laminar flow cabinet for 
three hours.  For post emergence bioassays, seeds were germinated on sterile agar in 
Petri dishes before transfer to the 55 mm Petri dishes which had been prepared with the 
test compound.  The radish seeds took 24 hours and the ryegrass seeds took 40 hours to 
germinate when incubated at 25°C.   
 
Table 5.15:  Solvents used for bioassays of test compounds 
 
Compound  Solvent 
Acetic acid  water 
Benzoic acid  trichloromethane (chloroform) 
Butanoic acid  water 
Hexanoic acid  hexane 
t Butylacetic acid  hexane: chloroform; 99:1 
1,8 cineole  Tween
® 80 in water (0.34 g L
 1) 
Eucalyptus oil  Tween
® 80 in water (0.34 g L
 1) 
3 Oxo 1,8 cineole  hexane 
2 endo Hydroxy 1,8 cineole  hexane: chloroform; 99:1 
3 exo Hydroxy 1,8 cineole  hexane 
3 exo Acetoxy 1,8 cineole  hexane 
3 exo Benzoxy 1,8 cineole  chloroform 
3 exo Butoxy 1,8 cineole  hexane 
3 exo Hexoxy 1,8 cineole  hexane 
3 exo t Butylacetoxy 1,8 cineole  chloroform 
2 exo Hydroxy 1,4 cineole  hexane: chloroform; 9:1 
2 exo Acetoxy 1,4 cineole  hexane 
2 exo Benzoxy 1,4 cineole  chloroform 
2 exo Butoxy 1,4 cineole  hexane 
2 exo Hexoxy 1,4 cineole  hexane 
2 exo t Butylacetoxy 1,4 cineole  hexane: chloroform; 9:1 
Cinmethylin  hexane 
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Experiments testing pre emergence activity were repeated in duplicate for 1,8 cineole, 
eucalyptus oil and other compounds of interest.  Experiments for all compounds in the 
post emergence bioassays were repeated, in duplicate. 
 
Filter Paper Bioassay  
Filter paper bioassays were used for 1,8 cineole and eucalyptus oil.  The filter papers 
were autoclaved, oven dried and then placed into autoclaved pyrex Petri dishes (55 mm) 
under sterile conditions.  1,8 cineole solution or eucalyptus oil solution (1 mL) was 
transferred on to the filter paper using a micropipette and the lid placed on the Petri 
dish.  The 1,8 cineole and eucalyptus oil were prepared in aqueous solution with the 
non ionic  surfactant  Tween
®  80  (polyoxyethylene  (20)  sorbitan  monooleate)  at  a 
concentration of 3.4 × 10
 4 g mL
 1.  For pre emergence bioassays, concentrations of 1,8 
cineole solutions were at the molar concentrations stated above and the high cineole 
eucalyptus oil solutions were (in g mL
 1) 0.154, 1.54 × 10
 2, 1.54 × 10
 3, 1.54 × 10
 4 and 
1.54 × 10
 5.  These concentrations were chosen to give a 1,8 cineole concentration in the 
eucalyptus oil solutions that approximately matched its concentration in the 1,8 cineole 
solutions.  The deionised water/Tween
® 80 solution, containing the calcium and boron 
trace elements as  above, was  autoclaved prior to preparation of the 1,8 cineole and 
eucalyptus oil solutions.  All glassware used in the preparation of these solutions was 
washed with 2% sodium hypochlorite solution and then rinsed with sterile deionised 
water.   
 
Ten seeds were placed in Petri dishes and incubated under light at 25°C (pre emergence 
bioassays for 72 hours, post emergence bioassays for 48 hours) as for the agar bioassays 
but the Petri dishes were placed flat rather than at an angle of 70°.  Five replicates were   146 
used at each concentration and for solvent and non solvent controls (i.e. 10 seeds in 5 
dishes).  Petri dishes were again completely randomised in their placement in the tray. 
 
  Germination was considered to have occurred if the radicle was just visible.  The 
radish  seedlings  were  frozen  and  thawed  before  removal  from  Petri  dishes  for 
measurement of the root and shoot lengths, softening roots and shoots making them 
easier to straighten.  Freezing and thawing of ryegrass seedlings made shoots too fragile 
to adopt this process for this species.  Placing the seedlings on purple coloured paper 
(which  had  millimetre  graduations)  gave  contrast,  improving  the  visibility  for 
measurement of root and shoot lengths.   147 
6  Conclusions and Future Directions 
 
The major findings arising from the research undertaken in this thesis are: 
•  Hydroxy  and  ester  derivatives  of  1,8 cineole  and  1,4 cineole  have  a  dose 
dependent  herbicidal  activity  against  annual  ryegrass  (Lolium  rigidum)  and 
radish (Raphanus sativus var. Long Scarlet). 
•  Many  of  the  derivatives  show  improved  herbicidal  activity  relative  to  1,8 
cineole and high cineole eucalyptus oil. 
•  A postulated increase in activity of cineole ester derivatives compared to their 
associated hydroxy cineole and carboxylic acid was not observed. 
•  No relationship exists between lipophilicity of the carboxylic acid portion of 
cineole ester derivatives and herbicidal activity. 
•  3 exo Hydroxy 1,8 cineole  acts  as  a  contact  poison  with  its  S  enantiomer 
possessing higher activity than the R enantiomer.   
•  Isolation and identification of a novel bacterial species (MUELAK1) from the 
surface  of  Eucalyptus  leaves  and  confirmation  of  the  pathway  by  which  it 
metabolises 1,8 cineole. 
 
Herbicidal Activity 
Overall, of the cineole derivatives, 2 exo acetoxy 1,4 cineole was the most effective 
pre emergence herbicide against ryegrass.  3 exo Hexoxy 1,8 cineole also suppressed 
ryegrass germination, root and shoot growth to a large extent at 0.1 mol L
 1.  Most 
active  as  a  pre emergence  herbicide  against  radish  was  2 exo acetoxy 1,4 cineole 
inhibiting shoot growth, and suppressing germination and root growth by over 95% at 
0.1 mol L
 1.  Whilst 2 exo butoxy 1,4 cineole completely inhibited radish germination   148 
above 0.1 mol L
–1, it gave no suppression of germination, root or shoot growth below 
this concentration.  At 0.1 mol L
 1, the cineole derivatives were also generally at least as 
effective  as  1,8 cineole  at  suppressing  ryegrass  germination,  root  growth  and  shoot 
growth whilst for radish about half the derivatives were more effective than 1,8 cineole. 
 
Post emergent,  3 exo hexoxy 1,8 cineole  was  the  most  active  compound  against 
ryegrass  and  2 endo hydroxy 1,8 cineole  was  most  effective  against  radish.    Post 
emergent, at the lower concentrations cineole derivatives were generally more active 
against ryegrass and radish than 1,8 cineole whilst 1,8 cineole was more effective at 
higher concentrations.   
 
For both species and both pre  and post emergent bioassays, results do not indicate any 
strong improvement in activity of 1,8 cineole derivatives over 1,4 cineole derivatives.   
 
The cineole derivatives prepared in this work have higher melting points and lower 
volatility at ambient temperatures than 1,8 cineole, so overcoming the limitations to the 
field use of 1,8 cineole as a herbicide due to its volatility and subsequent low uptake by 
plants.  Further pre emergence testing of the most active cineole derivatives (Tables 6.1 
and 6.2) can be done by spraying the compounds in oil in water emulsions on to soil in 
which  seeds  have  been  planted,  either  in  glasshouse  or  field  trials.    Similarly  post 
emergent testing can be done by spraying the derivatives as oil in water emulsions on 
plants.  High cineole eucalyptus oil may be a suitable carrier solvent for glasshouse and 
field testing.  Earlier work conducted in these laboratories established  that common 
pesticides  are  readily  soluble  in  1,8 cineole  and  pesticide/1,8 cineole  solutions  form 
stable oil in water emulsions with Tween
® 80
15.  Synergistic effects between cineole 
derivatives  and  1,8 cineole  may  be  exhibited,  and  its  tissue  penetrating  ability,   149 
attributed to disruption of the lipid membrane in the stratum corneum
186 189,  could assist 
the active compound to enter plant cells.  Using 1,8 cineole as a carrier solvent would 
also reduce harm to soil organisms as it does not accumulate in soil unlike petroleum 
distillates used as carrier solvents.  This would be a high volume use of 1,8 cineole 
providing  another  income  source  for  farmers  in  the  Western  Australian  wheat  belt 
region and contributing to sustainability of rural communities as indicated in Chapter 1. 
 
Table 6.1:  The most active compounds against ryegrass 
 
  Pre emergence   Post emergence 
1  2 exo acetoxy 1,4 cineole  3 exo hexoxy 1,8 cineole 
2  3 exo hexoxy 1,8 cineole  2 exo hydroxy 1,4 cineole 
3  3 exo hydroxy 1,8 cineole  2 endo hydroxy 1,8 cineole 
 
Table 6.2:  The most active compounds against radish  
 
 
 
 
 
 
Most herbicides undergo some metabolic change on uptake by a plant.  It is expected 
that esters will readily hydrolyse in plants to the active carboxylic acid
190.  The esters 
benzoylprop ethyl and flamprop methyl owe their selectivity to differences in the rate of 
hydrolysis and eventual inactivation by sugar conjuagation.  Whilst some of the cineole 
esters prepared in this work are more active than their associated hydroxy cineole, there 
is no clear trend related to improved phytotoxicity of esters compared to their alcohol 
  Pre emergence   Post emergence 
1  2 exo acetoxy 1,4 cineole  2 endo hydroxy 1,8 cineole 
2  2 exo butoxy 1,4 cineole  3 exo hydroxy 1,8 cineole 
3  2 endo hydroxy 1,8 cineole  2 exo hydroxy 1,4 cineole   150 
and acid precursors.  It may be possible to determine whether plants hydrolyse these 
esters by incubating them with extracts of plant sap and assaying for the presence of the 
hydroxy cineole. 
 
With increasing resistance of weeds to current herbicides, including the commonly used 
glyphosate
191, 192, it will be beneficial to identify the mode of action of both 1,8 cineole 
and 1,4 cineole.  A novel mode of action would provide stimulus to development of 
these potentially environmentally safer compounds.  The yellowing observed for radish 
seedlings  treated  with  3 exo hydroxy 1,8 cineole  and  2 exo acetoxy 1,4 cineole  may 
indicate that these compounds act by inhibiting biosynthesis of chloroplast pigments.  
Generally,  these  types  of  inhibitors  only  cause  chlorosis  in  developing  leaves.    By 
contrast, leaves of 3 week old wild radish bleached on treatment with 3 exo hydroxy 
1,8 cineole  which  suggests  there  is  destruction  of  existing  chloroplast  pigments.  
Clearly  there  is  a  need  to  further  examine  the  mechanism  of  phytotoxicity  of  the 
cineoles. 
 
Chemistry  
The current work does not provide strong evidence for higher activity of the 2 hydroxy 
cineole  over  the  3 hydroxy  cineole.    A  clearer  understanding  of  the  position  and 
stereochemical role of hydroxylation of the 1,8 cineole cyclohexane ring can be gained 
by assessing the herbicidal activity of 3 endo hydroxy 1,8 cineole.  This compound can 
be  prepared  by  reduction  of  3 oxo 1,8 cineole  with  aluminium  isopropoxide  as 
described by de Bogggiatto et al.
99.  Alternatively, the 3 endo compounds could be 
prepared  using  Mitsunobu  esterifcation
193,  194  on  3 exo hydroxy 1,8 cineole.    This 
approach would have the advantage of  giving 3 endo esters  analogous to the 3 exo   151 
esters.    Hydrolysis  of  3 endo  esters  could  be  readily  achieved  to  produce  3 endo 
hydroxy 1,8 cineole. 
 
A  comparison  of  the  herbicidal  activity  of  diketone  9  to  that  of  monoketone 6  can 
elucidate  further  information  about  structure activity  relationships.    This  diketone  is 
formed  in  the  chromium  trioxide  oxidation  of  1,8 cineole
99  together  with  the 
monoketone.  Optimisation of the formation of the diketone requires investigation but 
may be achievable by simply allowing the reaction to occur at a higher temperature 
and/or increasing reaction time. 
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Aminoesters  of  1,8 cineole  (Figure  6.1)  may  be  useful  compounds  to  assess  for 
herbicidal activity as aminoesters of (+) α pinene have been shown to be herbicidal
195.  
Preparation and bioassaying of cineole amines, amides and phosphates (Figure 6.2) can 
also  give  improved  understanding  of  structure activity  relationships.    Amide  and 
phosphate  derivatives  may  undergo  metabolic  cleavage,  similar  to  cinmethylin  as 
suggested by Romagni et al.
34, giving herbicides with two modes of action – one due to 
the cineole portion and one due to the amide or phosphate portion of the molecule.     152 
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Figure 6.1:  Possible aminoester derivatives of 1,8 cineole.  R
1, R
2 = alkyl groups 
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Figure 6.2:  Amine, amide and phosphate 1,8 cineole derivatives that could potentially 
provide insight into activity of different structural groups. 
 
Microbiology 
In  this  thesis,  the  focus  of  1,8 cineole  derivitisation  was  on  carbon  atom  3  of  the 
cyclohexane ring because hydroxylation at this position can readily be carried out by 
chemical  synthesis  enabling  the  required  quantities  of  3 hydroxy 1,8 cineole  to  be   153 
produced.  Because chemical hydroxylation at position 2 of the 1,8 cineole cyclohexane 
ring is more difficult to achieve a biological synthesis was pursued.  2 endo Hydroxy 
1,8 cineole was prepared by culturing a novel bacteria (MUELAK1) isolated from the 
surface of Eucalyptus leaves.  This directed approach to finding a suitable organism was 
adopted as it was considered likely that organisms with the ability to metabolise 1,8 
cineole  would  be  part  of  the  natural  microflora  on  eucalypt  leaf  surfaces  (and  soil 
beneath eucalypt trees).   
 
A  higher  rate  of  production  of  2 endo hydroxy 1,8 cineole  enabling  its  large  scale 
testing and further derivitisation, may be achievable by incrementally increasing the 
concentration of 1,8 cineole in batch cultures to put selective pressure on the bacterial 
species isolated in this work, or other species identified as producing 2 endo hydroxy 
1,8 cineole
126,  128 132,  to  favour  a  population  with  a  higher  tolerance  to  1,8 cineole.  
Strain improvement may also be achieved by mutagenesis which can lead to organisms 
with  impaired  control  mechanisms  or  removal  of  unwanted  characteristics.    Whilst 
spontaneous  mutation  rates  in  bacteria  are  low,  mutagens  such  as  ultraviolet  or  X 
radiation, or chemicals, for example ethane methane sulfonate, can greatly increase the 
rate of mutation.  Recombinant DNA technology is an important tool used for strain 
improvement  with  one  such  approach  allowing  development  of  strains  able  to 
overproduce primary metabolites.  Identification of the gene in MUELAK1 (or other 
suitable bacteria) coding for the enzyme that catalyses the hydroxylation of 1,8 cineole 
could enable new strains containing more copies of the gene to be engineered.   
 
In the 20 L batch cultures used in this work to prepare 2 endo hydroxy 1,8 cineole, 1,8 
cineole was the sole carbon source but in larger batch cultures it may be better to use 
another  low  cost  carbon  source  to  increase  cell  numbers,  and  on  its  exhaustion,   154 
introduce 1,8 cineole.  Batch cultures of MUELAK1 will need aeration, and as for the 
20 L culture described in this thesis, air passing into the medium on a larger scale will 
need  to  be  saturated  with  1,8 cineole  to  avoid  its  volatilization  from  the  system.  
Temperatures of 34°C were reached in the 20 L cultures carried out in this work without 
any apparent problems for their growth but, on a larger scale, active temperature control 
may be needed, particularly to limit loss of 1,8 cineole from solution.  
 
There are fungi capable of metabolising 1,8 cineole to 3 exo hydroxy 1,8 cineole
126, 127, 
131.  One advantage of using fungi would be to avoid use of polluting chemicals such as 
the chromium compounds used in chemical oxidation of 1,8 cineole.  Fungi oxidise 1,8 
cineole at carbon atom 2 as well as carbon atom 3 of the cyclohexane ring.  This could 
be  advantageous  but  problems  in  separating  the  hydroxy  compounds  may  be 
encountered. 
 
Esters  of  2 endo hydroxy 1,8 cineole  are  antimicrobial
84  and  some  are  described  as 
having fruity odours, thus antimicrobial activity of the cineole ester derivatives prepared 
in  this  work  should  also  be  investigated.    Their  activity  against  food  spoilage 
microorganisms  is  worthy  of  investigation  as  these  esters  may  be  able  to  act  as 
preservatives and flavour enhancers. 
 
The Western Oil Mallee Project 
As indicated in Chapter 1, the research undertaken for this thesis is part of the Western 
Oil  Mallee  Project  which  addresses  issues  of  degradation  of  farmland  and  socio 
economic and ecological sustainability of farming communities across the wheat belt 
region of Western Australia.  Development of commercial products based on mallees   155 
will support the large scale planting (millions of hectares) that is envisioned, and needed 
to arrest further land degradation and remediate already affected land.   
Mallees are adapted to the climate with several high cineole species native to the region, 
can  be  periodically  harvested  to  ground  level  with  regrowth  occurring  from  the 
lignotuber  and  provide  a  range  of  products  and  services  to  farmers
196.    Renewable 
energy,  activated  carbon  and  eucalyptus  oil  have  been  supplied  from  mallees  in  an 
integrated wood processing demonstration facility  in Narrogin in Western Australia.  
Long  term  carbon  sequestration  services  are  provided  by  mallee  lignotubers  which 
continue  to  grow  during  harvesting  cycles  of  the  above  ground  biomass.    On farm 
benefits of planting mallees include reduced soil salinisation and waterlogging due to 
groundwater control, landscape stability, especially during and following prolonged dry 
seasons, when soil erosion due to wind may be more severe, improved soil structure, 
particularly when plantings are part of alley farming, better weed control when planted 
as borders around fields, and greater biodiversity. 
 
Biomass from mallees has potential for chemical products replacement.  For example, 
1,8 cineole can replace petroleum based hydrocarbons in degreasing applications
15, 196 – 
a high volume application.  The yet to be fully explored potential for 1,8 cineole to act 
as a pesticide carrier solvent would be a medium volume application.  The herbicidal 
activity of 1,8 cineole and its derivatives established in this thesis may also lead to 
medium to high volume applications.  The scale of planting proposed would supply 
quantities of oil such that minor components in some Eucalyptus species have prospects 
for  development.    One  such  example  is  the  chiral  molecule  (R) 4 methyl 2 pentyl 
acetate (Figure 6.3), found in Eucalyptus loxophleba
197.  This is worthy of investigation 
as a chiral precursor in the synthesis of pharmaceuticals. 
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Figure 6.3:  (R) 4 methyl 2 pentyl acetate 
 
Whilst  the  recently  published  “Oil  mallee  industry  development  plan  for  Western 
Australia”
198 highlights further research into factors effecting above and below ground 
biomass  yields,  effects  on  crop  yields  of  mallee  planting  systems  and  on  efficient 
harvest,  handling  and  transport  equipment,  there  is  also  scope  to  explore  genetic 
improvement in the eucalypts grown.  Improvements in yield of oil and/or changes in 
composition of oils as well as improvements such as drought tolerance and higher above 
and below ground woody biomass may be achieved.   
 
Use of eucalypts in plantations, both in Australia and internationally, is recent with 
breeders only just starting to explore genetic alterations and often seed for plantations is 
still sourced from wild stock.  The Oil Mallee Project has primarily selected species 
with high 1,8 cineole content and high oil yield.  It may be difficult for the Australian 
eucalyptus oil industry to complete with the large volumes of oils produced by China, 
and others, so the Australian industry may be best served by breeding species with high 
1,8 cineole content and oil components of special interest.  For example, improvement 
in herbicidal activity could arise from developing a high cineole oil containing the β 
triketones from Eucalyptus grandis which are root and photosynthetic electron transport 
inhibitors
199 201.   High cineole oils can be blended with eucalyptus oils having cineole 
content below that required for pharmaceutical uses.  Genetically modified eucalypts 
containing genes from plants outside its genus would not be acceptable in Australia due   157 
to  possible  gene  flow,  including  for  sterile  genetically  modified  trees,  to  wild 
populations but this prospect exists for other parts of the world. 
 
As well as their contribution to reducing atmospheric carbon dioxide by sequestration, 
mallees can help farmers adjust to anticipated climate changes.  Mallees enable land in 
farming areas, such as the northern part of the Western Australian wheat belt where 
rainfall  is  already  reduced,  to  continue  to  be  commercially  productive  albeit  with 
different  products.    Chemistry,  and  science  in  general,  is  sometimes  perceived  as 
responsible for environmental degradation but it has as much potential to contribute to 
sustainability.  The work in this thesis has applied science to finding pesticides with 
environmentally  benign  degradation  products  which  value  add  to  eucalyptus  oil,  or 
more specifically 1,8 cineole, to support farming communities.   
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8  Appendix 
Table A1:  I50 Values based on non-linear regression analysis for root growth, shoot growth and germination of radish when treated with the 
test compounds 
Compound  I50 Root/mM  R
2  I50 Shoot/mM  R
2  I50 Germination/mM  R
2 
Acetic acid  18 ± 74000  0.93  14 ± 640  1.00  13 ± 8400  0.99 
Benzoic acid  6.1 ± 2.6  0.99  12 ± 3.6  1.00  15 ± 430  1.00 
Butanoic acid  6.2 ± 3.6  0.97  9.9 ± 60000  1.00  18 ± 4000  0.99 
Hexanoic acid  2.8 ± 3.3  0.93  15 ± 25  0.99  17 ± 780  1.00 
t Butylacetic acid  8.0 ± 1.6  1.00  11 ± 0.50  1.00  10 ± 21000  0.99 
2 endo Hydroxy 1,8 cineole  11 ± 1.7  1.00  170 ± 270  1.00  12 ± 5.5  0.98 
3 exo Hydroxy 1,8 cineole  33 ± 18  0.98  87 ± 31  0.98  20 ± 10  0.99 
3 exo Acetoxy 1,8 cineole  11 ± 4.0  0.99  190 ± 75  1.00  18 ± 3.7  1.00 
3 exo Benzoxy 1,8 cineole  12 ± 9.5  0.97  N.I.    224 ± 0.0  0.98 
3 exo Butoxy 1,8 cineole  84 ± 330000  0.98  180 ± 420  0.95  110 ± 20  1.00 
3 exo Hexoxy 1,8 cineole  38 ± 140  0.76  170 ± 7200  0.95  53 ± 73  0.95 
3 exo t Butylacetoxy 1,8 cineole  150 ± 250000  0.46  N.I.    38 ± 0.7  1.00 
3 Oxo 1,8 cineole  9.5 ± 4.02  0.99  19 ± 14  0.99  19 ± 16  0.96 
2 exo Hydroxy 1,4 cineole  12 ± 19  0.98  13 ± 10000  0.98  16 ± 13  0.98 
2 exo Acetoxy 1,4 cineole  7.2 ± 1.36  1.00  10 ± 160000  1.00  7.7 ± 1.4  1.00 
2 exo Benzoxy 1,4 cineole  210 ± 590  0.97  N.I.    N.I.   
2 exo Butoxy 1,4 cineole  18 ± 230  0.98  17 ± 1000  0.99  16 ± 70  1.00 
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Table A1 (cont’d):  I50 Values based on non-linear regression analysis for root growth, shoot growth and germination of radish when treated 
with the test compounds 
Compound  I50 Root/mM  R
2  I50 Shoot/mM  R
2  I50 Germination/mM  R
2 
2 exo Hexoxy 1,4 cineole
a  93 ± 9E17  0.94  1100 ± 4E15  0.99  240 ± 1000  0.96 
2 exo t Butylacetoxy 1,4 cineole  53 ± 370  0.94  N.I.    92 ± 930000  0.96 
Cinmethylin  Inhibition > 50%    N.I.    N.I.   
1,8 Cineole  99 ± 3E17  0.79  130 ± 3500000  0.96  160 ± 7700  0.93 
Eucalyptus oil
b  980 ± 1E17  0.95  110 ± 3E16  0.99  110 ± 130000  0.99 
a The I50 root and I50 shoot values are based on results of trial 2 because inhibition of root and shoot did not reach 50% in trial 1 whilst the I50 
germination value is based on trial 1 because inhibition of germination did not reach 50% for trial 2.  
b Concentration units are g mL
–1 
N.I.  Inhibition did not reach 50% of mean of control. 
 
 
 
 
   183 
Table A2:  I50 Values based on non-linear regression analysis for root growth, shoot growth and germination of ryegrass when treated with the 
test compounds 
Compound  I50 Root/mM  R
2  I50 Shoot/mM  R
2  I50 Germination/mM  R
2 
Acetic acid  2.7 ± 2.3  0.98  88 ± 24  0.99  18 ± 500  0.99 
Benzoic acid  1.4 ± 0.3  0.99  2.1 ± 0.7  0.99  8.3 ± 3E17  1.00 
Butanoic acid  3.0 ± 3.7  0.97  10 ± 4300  0.89  3.2 ± 2.4  0.99 
Hexanoic acid  2.3 ± 1.6  0.97  4.6 ± 0.5  1.00  4.0 ± 0.3  1.00 
t Butylacetic acid  1.7 ± 0.5  0.99  3.2 ± 0.4  1.00  13 ± 5.0  0.98 
2 endo Hydroxy 1,8 cineole  32 ± 41  0.96  6.6 ± 1.9  1.00  110 ± 32  0.99 
3 exo Hydroxy 1,8 cineole  17 ± 10  0.98  17 ± 16  0.930  790 ± 400000  1.00 
3 exo Acetoxy 1,8 cineole  20.3 ± 5.0  1.00  38 ± 20  0.98  72 ± 15  0.99 
3 exo Benzoxy 1,8 cineole  9.2 ± 6.0  0.98  62 ± 53  0.96  130 ± 48000  1.00 
3 exo Butoxy 1,8 cineole  23 ± 17  0.96  21 ± 9  0.98  80 ± 1000000  0.99 
3 exo Hexoxy 1,8 cineole  12 ± 3.3  0.99  5.7 ± 1.1  1.00  32 ± 15  1.00 
3 exo t Butylacetoxy 1,8 cineole  160 ± 1200  0.92  7.8 ± 11  0.91  160 ± 1E8  1.00 
3 Oxo 1,8 cineole  45 ± 11  1.00  48 ± 37  0.95  75 ± 30  0.98 
2 exo Hydroxy 1,4 cineole  16 ± 4.4  0.99  81 ± 4200  1.00  40 ± 6.1  1.00 
2 exo Acetoxy 1,4 cineole  11 ± 14000  1.00  11 ± 3500  1.00  16 ± 560  1.00 
2 exo Benzoxy 1,4 cineole  0.4 ± 1.0  0.94  0.8 ± 1.3  0.93  72 ± 7.3  1.00 
2 exo Butoxy 1,4 cineole  1.0 ± 19000  0.99  8.1 ± 250000  0.99  78 ± 1.E7  0.99 
2 exo Hexoxy 1,4 cineole  18 ± 2.7  1.00  20 ± 12  0.98  90 ± 5E18  0.99 
1,8 Cineole  44 ± 7.8  1.00  64 ± 31  0.99  55 ± 6.8  1.00 
Eucalyptus oil
a  23 ± 21  0.96  28 ± 7.4  1.00  53 ± 440  1.00 
a Concentration units are g mL
–1 
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Table A3:  I50 Values based on non-linear regression analysis for root growth and 
shoot growth for post-emergence treatment of radish 
  I50 VALUES/mM 
Compound  Root   R
2  Shoot   R
2 
Acetic acid  11 ± 1.5  0.99  12 ± 0.7  1.00 
Benzoic acid  0.46 ± 0.17  0.99  1.5 ± 1.6  0.97 
Hexanoic acid  11 ± 10  0.95  12 ± 13  0.98 
2 endo Hydroxy 1,8 cineole  49 ± 11  0.99  100 ± 63  0.91 
3 exo Hydroxy 1,8 cineole  29 ± 22  0.97  160 ± 37  0.92 
3 exo Benzoxy 1,8 cineole  77 ± 51  0.99  60 ± 18  0.88 
3 Oxo 1,8 cineole  19 ± 4.1  0.99  N.I.   
2 exo Hydroxy 1,4 cineole  20 ± 3.5  0.99  42 ± 9.1  0.99 
2 exo Acetoxy 1,4 cineole  41 ± 2100  1.00  80 ± 970  0.92 
2 exo Hexoxy 1,4 cineole  16 ± 13  1.00  20 ± 11  0.99 
1,8 Cineole  85 ± 3E6  0.99  97 ± 1E7  0.93 
Eucalyptus oil
a  11 ± 3.3  0.97  11 ± 500  1.00 
a Concentration of the eucalyptus oil is in g mL
–1. 
N.I.  Inhibition did not reach 50% of mean of control. 
 
Table A4:  I50 Values based on non-linear regression analysis for root growth and 
shoot growth for post-emergence treatment of ryegrass 
  I50 Values/mM 
Compound  Root   R
2  Shoot   R
2 
Acetic acid  45    47 ± 240    
Benzoic acid  0.82 ± 0.02  1.00  3.3 ± 0.5  0.99 
Hexanoic acid  3.1 ± 0.3  0.99  6.7 ± 0.5  1.00 
2 endo Hydroxy 1,8 cineole  5.6 ± 3.0  0.96  16 ± 8.7  0.98 
3 exo Hydroxy 1,8 cineole  20    21   
3 exo Hexoxy 1,8 cineole  9.7 ± 7E5  0.90  1.9 ± 0.7  0.99 
3 exo t Butylacetoxy 1,8 cineole  150 ± 1500  0.92  7.1 ± 8.8  0.94 
3 Oxo 1,8 cineole  30 ± 100  0.96  24 ± 3.2  1.00 
2 exo Hydroxy 1,4 cineole  16 ± 0.3  1.00  11 ± 3.4  0.99 
2 exo Acetoxy 1,4 cineole  13 ± 2.1  1.00  20 ± 4.0  1.00 
1,8 Cineole  17 ± 4.3  0.99  33 ± 4E4  0.99 
Eucalyptus oil
a  3.5 ± 0.3  1.00  4.6 ± 0.03  1.00 
a Concentration of the eucalyptus oil is in g mL
–1. 